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PHENOMENOLOGY 


) Chapter 1 
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• 
PURPOSE II -.. ,."" ... , . . presented herein were derived from the results 
of calculations performed with these codes. 
- 
This manual presents a summary of the 
_ 
An estimate of the degree of reliab~ty 
Q~ties of nuclear weapons. Quantitative 
accompanies most of the data presented herem. 


treatments are presented graphically in most 
Statements of the reliability of damage data 
cases. The manual is divided into two parts. Part 
only pertain to the basic effects data, which, for 


L Phenomenology. treats the basic phenomena 
the target analyst represent tbe ""radius of 
of blast and shock. thermal radiation. X-ray radi- 
effect .... They should not be confused with the 
ation. nuclear radiation, transient radiation er- 
terms variability anci probability of damage. 
rects on electronics, electromagnetic pulse phe- 
which pertain to target response; nor do these 
nomena. and phenomena affecting electromag- 
estimates include operational consi.derations 
netic propagation. Part 11, Damage Criteria, 
such as linear, circular, or spherical aiming and 


discusses the mechanisms of casualty production 
fuz.ing errors, yield variations. and target intelli- 
and damage to military targets. and describes the 
gence. 


response of these targets by correlating the basiC-. 
physical phenomena with various defined 
CHARA.CTERISTICS OF NUCLEAR 


d.ees of damage.· 
PL SIONS 


The data presented here are interpreta- 
_ 
An explosion. in general, results from 


h 
~ ... 
, c(IornpJex results of the nuclear weapons 
the very rapid release of a large a.-nount of 


effects research and test programs of the Depart- 
energy within a limited space. This is true for a 
ment of Defense. A constant effort is made to 
conventional ·'high explosive," such as TNT. as 


deduce theoretical models and scaling laws for 
well as for a nuclear explosion. The sudden liber- 


the various weapons effects that permi.t It quanti- 
ation of energy causes a considerable increase of 


lative prediction of the extent of a gIven effect 
temperature and pressure, so that all the ma- 


from a weapon of one yie!d.~Ia.ted to wea~o?s 
terials present are converted into hot com- 


of other yields. Since the lDltiation of the limlt- 
pressed gases. Detonation of high explosives re- 


ed nuclear test ban treaty. a large amount of 
suits from chemical reactions, and the energy 


effort has been devoted. to the ~eveJopme~t of 
manifests primarily as blast energy. regardless of 


complex computer codes to prec:bct the envD'on- 
environmental conditions. For a given amount 


menu created by the Various phenomena result- 
ing from nuclear explosions and the interactions 


o~ :t~:: environments with personnel and mili- 
tary systems. A large number of the scaling laws 


89 
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- 
of ene:-gy. the mass of a nuclear explosive would 
be much less tlun that of a conventional high 
explosive. Consequently, there is a mucb smaller 
amount of material in tbe weapon itself to be 
converted into the hot, compressed gases men- 
tioned above in the former than in tbe latter 
case. Also, the temperatures reached in a nuclear 
explosion are much higher than in a conven- 
tic:'!!'l ~r!Mlon. In a nuclear explosion tbe 
energy manifests itself in the form of blast, ther- 
mal radiation, nuclear radiation, and other elec- 
tromagnetic phenomena that will be discussed in 
succeeding paragraphs. The energy released from 
a nuclear explosion is released essentially from a 
pcint source, whereas a comparable amount of 
energy released from a detonation of high explo- 


siv~ would require an enormous volume of ex- 
plosive. Additionally. the energy released in a 
nuclear explosion results from a fission process, 
a fusion process, or a combination of the two, 
each of which involve the formation of different 
atomic nuclei and the release of large quantities 
of energy for each reaction. As mentioned pre- 
viously. the energy derived from the detonation 
of high explosives arises from chemical reac- 
tions; these involve the rearrangement among 
the atoms, e.g., of hydrogen, cart-op., oxygen, 
and nitrogen present in the high e,:,.plosive ma- 
terial. The forces between the protons and neu- 
trons within atomic nuclei are tremendously 
greater than those between atoms; consequently, 
nuclear energy is of a much higher order of mag- 
nitude than conventional (or chemical) energy' 
wben equal masses are considered. 
1-1 
Fission Energy and the 
Chain Reaction • 
... The materials used to produce nuclear 
e~ons by ilSSion are certain isotopes of ura- 
nium and plutonium. Natural-uranium consists 
mainly of two isotopes. uranium-235 (about 0.7 
percent), and uranium·238 (about 99.3 percent). 
Uranium·235 is the much less abundant of tbese 
botop.es. 1."ut is tbe readily fISSionable species 
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that is commonly used in nuclear weapons. An- 
other isotope. uranium-233. does not occur nat- 
urally. but it is readily fISSionable and it can be 
made artificially starting with lhorium-232. 
Since the element plutonium has no natural is0- 
topes.,. the ilSSionable isotope used in nuclear 
weapons. plutomum-239. is made artificially 
from uranium-238 • 


• 


When a free (or unattached) neutron 
en ers the nucleus of a fISSionable atom, it can 
cause the nucleus to split into two smaller parts. 
This is the ilSsion process, whicb is accompanied 
by tbe release of a large amount of energy. The 
smaller (or lighter) nuclei which result are called 
tbe "ilSsion products." The complete fission of 
1 pound of uranium or of plutOnium releases as 
much explosive energy as does the explosion of 
a~.OOO (short) tons ofTNT'. 
.. 
The significant point about the fission o! 


a uraruum (or plutonium) nucleus by means of a 
neutron, in addition to the release of a large 
quantity of energy. is that tbe process is accom- 
panied by tbe instantaneous emission of two or 
more neutrons; thus, 


t1 


UJDo235 J f1SSl0n fragments + 
Neutron + or uramum-23S) 
-2 or 3 neutrons + 


or plutoDium-239 
energy • 


The neutrons liberated in this manner are able to 
induce fISSion of additional !Jt3Jlium (or plutoni- 
um) nuclei, eacb such process resulting in the 
emission of more neutrons which can produce 
further ilSSion, and so on. Thus, in principle, a 
single neutron could start off a chain of nuclear 
fISSions. the number of nuclei involved, and the 
energy liberated. increasing at a tremendous 
rate. II There are many different ways in which 
tm! nuclei of a BiVen f'JSSionable species can split 
up into two f'lSSion fragments, but the total 
amount of energy h"'berated per ("son does not 
vary greatly. A satisfactory average value of this 
energy .is 200 million electron volts. The million 


-, 
'- . 


.. 


.. 


.ron volt (or 1 MeV) unit has been found 


ccnvenient for expressing the energy released in 
nuclear reactions; it is equivalent to 1.6 x 10-' 
erg or 1.6 x 10.13 joule. The manner in which 
this energy is distributed among the f"ISSion frag- 
ments and the various radiations associated with 
fission is shown in Table I-J. 


Table 1-'. "ner~strion of Fission 


KJMtiC energy of fusion fragments 


Instantaneous gamma-ray energy 


KinetiC energy of fusion neutrons 
Beta particles from fISSion products 
Gamma rays from lission products 


Neutrinos from fission products 


Total energy per fission 


MeV 


165 ::t 5 


7 ::t 1 


S ::t 0.5 


7 ::t ] 


6 :!.: 1 


10 


200 ::t 8.S' 


• 


The results in the table may be taken as 
b lng applicable to eirher uranlUm'::!33, 
uranium-135. or plutonium-239. These are the 
only three known substances. which are reason- 
ably stable so that they can be stored without 
an'!1reciahle decay. that are capable of under- 
going fission by neutrons of aU energies. Hence, 
they are the only materials that can be used to 
sustain a fission chain. Uranium-238, the most 
abundant isotope in natural uraniun'l. and 
thorium-23:! will suffer rlSSion by neutrons of 
high energy only, but not by those of lower 
energy. For this reason these substances cannot 
sustain a chain reaction. However. 'When f"lssion 
does Occtlr in these elements, the energy distri- 
bution is quite similar to that shown in the 
hbre. 
. 


• 


Only part of the f"JSSion energy is imme- 


.:3 e y a\-ai13ble in a nuclear explosion; this in- 


cludes the kinetic energy of the f"lSsion Crag- 


ments, most of the enetgy of the instantaneous 
gamma rays.. which is converted into other forms 
of energy within the exploding weapon. and also 
most of the neutron kinetic energy, but only a 
small fraction of the decay energy of the rlSSion 
products. There is some compensation from 
energy released in reactions in which neutrons 
are captured by the weapon debris., and so it is 
usuaUy accepted that about 180 MeV of energy 
are available per rlSsion. There are 6.02 x 1023 
nuclei in 23S grams of uranium-23S (or 139 
grams of plutonium-239), and by making use of 
familiar conversion factors (Appendix B) the re- 
sults quoted in Table 1-2 may be obtained for 
the energy (and other) equivalents of 1 kiloton 
of TNT. The calctllations are based on an accept- 
ed, although somewhat arbitrary. figure of J 0] :2 
calories as the energy released in the explosion 
of this amount of TNT." 


Table 1-2. II Equivalents of 1 Kiloton 


of TNT _ 


Complete flSSion of 0.OS7 kg (57 grams or 2 ounces) 
ftSSionabJe material 


Fission of 1.45 x 1023 nuclei 
1012 calories 


2.6 x ]025 million electron volts 


4.J8 x 1019 ergs 
1.16 x 106 kilowatt-hours 
3.91 x 109 British tbennaJ units 


~jority or die QllCrimanal a.n4 tbcomi.I::al ..... or 
iiPIIP~ -.;y nIoaIId by TNT nap from 900 to 1.100 
caloria pili" pam. AI _ 
time. dII:re _ 
some IIDcauiDt)' • to 
wbctht:r the 1emI "tiotoa 
W or TNT nlcmd to • IbcIrt tiIotoll 
Q :II: 106 poIQIda). a __ tiIotoD Q.2OS :II: 106 l'OQIIds). or. 
loDe kiIotoa (2.24 :II:. 1(1' poaIIIII) • .ba emSer to II"VDid -bi&uitY. it 
_ 
grwd dIac 1he lam "1:iIotoa"-W refer to the rr:Ieue or 
1012 caIoria or ~ 
-.;y. '!'JUs is equiYaleDt to 1 thort 
kiIotoll or TNT it 1he ~ 
r*- is 1.102 CIIIories per &DJII. 
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1-2 
Fusion <Thermonuclear) RaactiC"l1S II 
• 
In nuclear fusion. a pair of lig.'lt nuclei 
urute (or fuse) together. to fonn a nucleus of a 
heavier atom. An examj)le is the fusion of the 
hydrogen isotope known as deuterium or "heavy 
hydrogen." Under suitable conditions, two deu- 
terium nuclei may combine to form the nucleus 
of a heavier element. helium, with the release of 


en~ :Suclear fusion rea~ions can be brought 
a~y 
means of very high temperatures, and 
they are then referred to as ""thermonuclear pro- 
cesses." The actual quantity of energy liberated, 
for a given mass of material, depends on the 
panicular isotope (or isotopes) involved in the 
nuclear fusion reaction. As an example, the 
fusion of all the nuclei present in I pound of the 
hydrogen isotope deuterium would release 
roughly the same amount of energy as the explo- 
sion of 26,000 tons of TNT. 
~ 
Energy production in the sun and stars is 


u~[edly due to fusion reactions involving 
the nuclei of various light (low atomic weight) 
atoms. From experiments made in laboratories 
with cha.rged-particle accelerators, it was con- 
cluded that the fusion of isotopes of hydrogen 
was possible. This element is known to exist in 
three isotopic forms, in which the nuclei have 


Ula~ UUlUi.>c:r:. of 1,2, and 3. respectively. These 
are generally referred to as hydrogen (I H), deu- 
terium (2H or 20), and tritium (3H or 3T). All 
the nuclei carry a sing1e positive charge, ie., 
they all contain one proton, but they differ m 
the number of neutrons. The lightest (1 H) nuclei 
(or protons) contain no neutrons~ the deuterium 
(2 H) nuclei contain one neutron, and tritium 


I 


(3 H) nuclei contain two neutrons. 
. 
..a Several different fusion reactions have 


be~ed between the nuclei of the three 
hydrogen isotopes, involving 'either two similar 
or two different nuclei. In order to make these 
reactions occur to an appreciable extent, the nu- 
clei must have high energies. One way in which 
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this energy can be supplied is by means of an 
acc:elerator, such as a cyclotron. Another possi- 
bility is to raise the temperature to very high 
levels. In this last circumstance the fusion pro- 
cesses are referred to as ""thermonuclear reac- 
tions." as mentioned previously. 
' 


• 


Five thermonuclear fusion reactions 


ap 
to be of interest for the production of 


energy because they are expected to occur suffi- 
ciently rapidly at realizable temperatures; these 
are 


20 + 20 = 3He + n 
+ 3.3 MeV 


20 + 20 = 3T + IH + 4.0 MeV 


3T + 20 = "He + n 
+ 17.6 MeV 


3T + 3T = "He + 2n + 11.3 MeV 


20 + 3He = "He + IH + 18.3 MeV, 


where He is the symbol for helium and n (mass = 
I) represents a neutron. The energy liberated in 
each case is given in million electron volt (MeV) 
units. The fIrSt two of these reactions occur with 
almost equaJ probability at the temperatures 
associated with nuclear explosions (several tens 
of miJlion degrees Kelvin), whereas the third re- 
action has a much higher probability and the 
founh and fifth a much lower probability. Thus. 
a valid comparison of the energy released in 
fusion reactions with that produced in fISSion 
can be made by noting that. as a result of the 
fIrSt three reactions given above, fave deuterium 
nuclei. with a total mass or 10 units, will liberate 
24.8 MeV upon fusion. On the other hand. in 
the fISsion process, e.g .• of uranium-23S. a mass 
of 23S units will produce a total of about 200 
MeV of energy (paragraph 1-1). Weight for 
weight, therefore, the fusion of deuterium nuclei 
would produce nearly three times as much 
energy as the ilSSion ·of uranium or plutonium. 
.... In order to ,make the nuclear fusion reac- 
ti~e place at an appreciable rate, tempera- 


-J 


.; 


I .. 


If 


- 


tures of the order of several tens of million 
d~ 
are necessary. The only practical way at 


present in which su.:h temperatures can be ob- 
tained on earth is by means of a fISSion explo- 
sion. Consequently. by combining a quantity of 
deuterium (or a mixture of deuterium and triti- 
um) with a fISSion device. it should be possible 
to initiate one or more of the thermonuclear 
fllc:irlTl reactions given above. If these reactions 
accompanied by energy evolution, can be propa- 
gated rapidly through a volume of the hydrogen 
isotope (or isotopes) a thermonuclear explosion 
may be realized. 
-. Another :eaction of interest in thermo- 
n~ 
weapons IS 


6 Li + n - 
4 He + 3 T + 4.8 MeV, 


where 6 Li is the symbol for the lithium-6 is0- 
tope. which makes up about 7.4 percent of nat- 
ural lithium. Other reactions can occur between 
both lithium..ci and the more abundant isotope 
lithium-' and various particles that are present 
within tbe weapon. However. tbe reaction 
shown above is of most interest for two reasons; 
(1) it has a high probability of OCCUl1"ence; (2) if 
the lithium is placed in the weapon in the form 
of lithium-deuteride. the trit:ium that results 
r ......... , .... '!' reaction has a high probability of react- 
ing with the deuterium to produce large 
amounts of energy as weD as additional neutrons 
(see the third of the previously listed fusion re- 
actions). 
-. 
As discussed abatre. several of the fusion 
p~ 
betwee .. :;raciei of hydrogen isotopes 
produce high energy neutrons. These can cause 
fISSion in uranium-238, the most abundant iso- 
tope- in natural uraDium, as well as in uraDium· 
23S and p)utonium-239. Consequently. associa- 
tion of the appropriate"fusion reactions with fis- 
sile materials can result in an extensive utiliza- 
UuJl uf lhe latter for the release of energy. 


• 
..=..------~ 


~ission 
weapen yield also may be en· 
~ 
a process known as boosting. In this 
process thermonuclear reactions are used to pro- 
duce fast neutrons. While some energy gain .is 
realized as a result of the tbermonucJ-:ar reac- 
tions that occur, the primary inc:rea.se in the 
yield .is due to the additional fISSions produced 
by the interaction of the fast neutrons with the 
rlSsionable materials. 


1-3 Weapon Yield Ratings II 
_ 
The "'yield" of a nuclear weapon is a 


measure of the amount of explosive energy it 
can produce. It is the usua1 practice to state the 
yield in terms of the quantity of TNT that 
would generate the same amount of energy 
when it explodes. Thus, a l-kiloton nuclear 
weapon is one which produces the same amount 
of energy in an explosion as does 1 kiloton (or 
1,000 tons) of TNT. As discussed in paragraph 
1-1. this quantity of energy has been somewhat 
arbitrarily established at J ol2 calories (sec foot- 
note on page 1-3). Similarly. a I-megaton weap- 
on would have the energy equivalent of I miJ.. 
60n tons (1,000 kilo:ons) of TNT. or 101 S calo- 
ries. Since about I 0 percent of the total rlSSion 
energy is released in the form of residual nuclear 
radiation some time after the detonation (Table 
)-1), this is not i'1duded when the enelJY yield 
of a nllclear explosion is stated, e.g., in terms of 
a TNT equ:ivaJent. Hence, in a pure fJSSion weap- 
on the explosion energy is about 90 percent of 
the total fISSion energy. In a thermonuclear de- 
vice. the explosion energy is less than the total 
energy by about 10 percent of the fISSion contri- 
bution, e.g.. if the total energy is equally divided 
between the fISSion and fusion processes. the ex- 
plosion energy would be about 9S percent of the 
total energy of the fISsion and fusion reactions. 
This common convention will be adhered to in 
subsequent chapters. For example, when the 
yield of a nuclear weapon is quoted or used in 
equations. figures. etc.,. it will represent that por- 
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.Of the energy delivered within a minute or 


so, and will exclude the contn'bution of the resi- 
dual nuclear radiation. 
_ 
Another method used in comparing nu- 
cXar explosion yields with conventional explo- 
sn.-es. and one that is often confused with the 
rating of energy in terms of Th"T energy equiva- 
lents. is the rating of effects in terms of TNT 


c.r:~ .. ~~ ,.;"t..lj ... :':'.il~, i.e., the effect of a particular 
phenomenon of a nuclear detonation expressed 
in terms of the amount of ThTT thai would pro- 
duce the same effect. An example of TNT effect 
equivalence is :he expression of the crater radius 
of a nuclear surface burst in terms of the 
amount of Th"T that would be required to pro- 
duce the same radius. 
_ 
A "nominal" weapon is one whose yield 
is "'Pkt. The use of this term arose from the 
appro,..imatcly 20-kt yields at Hiroshima, Naga- 
saki, and the Bikini (Crossroads) tests. In some 
reports nuclear weapons effects data are based 
on the nomim~1 weapon. 
_ 
For simplicity and convenience, most 


p~l phenomena data and much of the dam- 
age data arc presented as a function of the range 
from a I-kt explosion. from which the phe- 
nomena or damage for other yields may be ob- 
tained readily. by the appropriate scaling proce- 
dures j!:ivfon wherever their use is required. 


1.4 Effects of Environment and Time II 
.. 
The effects of nuclear weapons of a par- 
tic.:-design and yield are determined by the. 
environment in which the weapon is burst. and 
the time frame under consideration. The initial 
physical phenomena from nuclear detonations 
are grossly the same during the int microsecond 
after initiation. Several minutes after detona- 
tion. the remaining effects will be only those of 
residual radiation. e.g .• fallout, atmospheric ioni- 
zation and associated phenomena. Since the den- 
sity. composition. physical state, and pressure of 
the medium surrounding the detonation prinlari- 


Iy determine Lite resulting effects after the fLrSt 
mic:rosecond. an early time history of a nuclear 
detonation is given in the following paragraph. 
This description is carried to the point when the 
energy released in the explosion begins to inter- 
act with its environment. Succeeding paragraphs 
provide brief descriptions of the phenomena 
that occur in different burst regimes. More com- 
plete descriptions of each phenomenon are pro- 
vided in Chapters 2 through 8. 


1-5 
Early Time History • 
- 
When a nuclear weapon is detonated, the 


a~ 
duration of the process varies considera- 


bly. depending on the design of the weapon. It is 
sufficient. however. to assume that the energy is 
released during the fm microsecond. In this 
period aU prompt nuclear radiation (neutrons. 
gammas, and X-rays) has been emitted and has 
departed from the immediate environment of 
the weapon disintegration, leaving behind the 
energetic reaction and weapon products. These 
products are at high temperatures and behave as 
an efficient thermal radiator (see Sections I and 
II, Chapter 4). Although reaction products from 
fISSion will continue to decay radioactively and 
will emit additional gamma radiation and beta 
particles. they are considered as secondary ef- 
fects in this time frame. 


• 
The high temperiuure results in tremen- 


do 
lemal pressures. Under the influence of 


these pressures. the hot debris expands at a very 
high velocity. Because it is radiating energy rap- 
idly and is being cooled by expansion. the resid· 
ual weapon debris cools rapidly. Within about 
the itrSt miaosecond for most weapons, 70 to 
80 percent of the explosion energy is emitted as 
thermal energy. most of which consists of X- 
rays. At the end of this period, most of the re- 
maining weapon energy is kinetic energy. At this 
time, when aD important detoution processes 
have taken place, the weapon debris has begun 
to react with its environment.. 


! 


·~ 


AIR BURST. 
results of such inteTactions are described in 
Chaptet'S 5 through 8. 


An air burst is damed as the. expJosion 
• 
Another important inteTaction between 
weapon al such a height thaI the 
weapon phenomenon of interest is not signif"1- 
the weapon output and the atmosphere comes 
cantly modified by the earth's surface. (Also see 
from the neutrons produced during the f"lSSion 
description of high altitude burst in paragraph 
and fusion reactions. Inelastic scattering of high- 
1-26 to 1-29.) For example, when considering 
energy neutrons by nudei of the air and the 


blast this height is such that the reflected wave 
ground, and capture of slow neutrons by nitro- 
passing: through tbe fireball does not overtake 
gen in tbe air and by various elements in the 
the incident wave above tbe fueball (heights 
ground provide sources of secondary gamma 
greater than about 160 WO·35 ft :!; IS percent. 
rays. The relative importance of the inelastic and 


where W is the weapon yield in kilotons). For 
capture gamma rays depends strongly upon the 
thermal radiation. an air burst occurs at such 
neutron spectrum of the source. 
heights above the surface that the apparent ther- _ 
As a result of X-ray and debris inter- 


mal yield viewed from the ground is not affected 
actions. a very hot plasma remains in the vicinity 
by surface phenomena. such as heat transfer to 
of the explosion. lbis plasma consists of elec- 
the surface. distortion of the f"ueball by the re- 
trons and stripped nuclei of the f"lSSion and fu- 


flected shock wave, thermal renection from the 
sion products. of the elements of tbe weapon 
surface (heights above the surface greater than 
case and components, and of any other elements 


about 180 \\rO.4 ft :!; 20 percent for yields of 10 
in the immediate vicinity. such as nitrogen and 
kt to 100 kl, and ± 30 percent for other yields). 
oxygen in tbe air. The radiating temperature de- 


When considering fallout, an air burst occurs at 
pends on the weapon design and tbe total yield. 


such heights that milianly significant local fall- 
but it may range from a few million to manv 
out does not result (a minimum height of burst .... 
Of millions of degrees Ke~ 
1>. 
bas generally been set at 100 WO·3 S feet. but for 
see Introduction an~ 
<b 


yields above 100 kt. ) 80 WO·35 feet is recom- 
pter. 
ough the spectrum of the emit- 


mended for a conservative estimate). For certain 
sions from this plasma is not exactly that of a 


other phenomena of interest. e.l-, neutron- 
black body. particularly because the tempera- 
induced activity. the height of burst at which 
lure is by no means uniform. it 
does 
the earth's surface fails to produce an effect is 
difficult or impossible to distinguish. 


1-6 Development II 
_ ' 


• 
The flrSl interaction between weapon 


outpu and the surrounding atmosphere comes 
from tbe initial gamma rays emitted during the 
weapon detonation. These in;·:41 ~m.m.as arise 
both from the fISSion gammas and from gammas 
produced by inelastic neutron scattering in the 
weapon mass. These gamma rays interact mainly 
by Compton collisions with the electrons of the 
air molecules, resulting in ionization of the air 
and degradation o( the gamma ray energy. The 


emit electromagnetic radiation that is primarily 
in the X-ray region of the spec::trUm (see Intro- 
duction, Chapter 4). If the burst occurs in the 
lower part of the atmosphere, the radiated 
energy is absorbed by the air in a sphere that 
initially may be oaly a few yards larger than the 
weapon. Since tbis sphere itself is at a high tem- 
perature. it again radiates X-rays (although at a 
lower temperature)_ The process of absorption 
and re-radiation continues wtil the eneqy radi- 
ated by the weapon may occupy a sphere of air 


. 
.. 
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of several tens of yards in diameter. The eJDis.. 
sion of tlUs additional elecuomapletic radiation 
covers a \\ide range of frequencies from about I 
cycle per second through radio, infrared, and 
visible to the soft X-rays. 


• 


The photon mean free paths in the hot 
. an of the order of (or longer than) the 


fireball diameter. and as a result the energy dis- 
tribution and temperature are fairly uniform 
throughout the volume of hot gas. During this 
phase of growth. the flrCball is consequently re- 
ferre:d to as the -isothermal sphere." This name 
is something of a misnomer. since temperature 
gradients do exist, particularly near the advanc- 
ing radiation front. As the fireball cools, the 
gro\\"th by re-radiation of energy continues at a 
progressively slower rate because the mean free 
path of the photons becomes smaller than the 
fireball dimensions. The decreasing velocity of 
the flrCball front causes the pressure of the heat- 
ed air behind the front to increase, and a Shock 
wave begins to form. This is referred to as the 
"outer" shock wave. 
_ 
During the isothennal sphere phase. the 


~y 
hot. high-pressure mass of weapon resi- 


dues begins to expand outward as a pressure re- 
lief mechanism. Within a few microseconds, the 
material forms a thin. high-density sheD. the 


::~':!:-::~~;'!l~:nk: front. moving at high velocity. 
When this shell reaches the hot air outside the 
weapon. it begins to Msnowplow" air ahead of it. 
and thereby transfers hydrodynamic energy into 
the air. The air is consequently heated furth~ 
and the additional radiation from the heated air 
contributes to fireball growth by radiation. 
Within a very short time, the hydrodynamic 
front becomes a strong shock wave. called the 
Minner'" shock wave. propagating away from the 
burst point. but still within the flrebalL All the 
pbenomena described so far· occur in the flrSt 
few hundred microseconds after the explosion. 
During this period, flreball growth is dominated 
by radiation transport. with hydrodynamic 
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energy dissipation playing a relatively minor role 
in the interior. 
_ 
Since the transfer o£ energy by radiation 


beCOmes less rapid as the f1rCball cools, the inner 
shock front begins to advance faster than the 
radiation front and soon the two coincide. The 
inner shock front continues to advance more 
rapidly than the radiation £ront and moves 
ahead of it at the time when the temperature of 
the isothermal sphere has fanen to about 
300,OOO°C (S40.()()(tF). This phenomenon is 
called "hydrodynamic separation." For a 20- 
kiloton explosion it occurs at about 0.1 milli- 
seconds (I cr" second) after the burst time when 
the fireball radius is roughly 40 reet. The pani- 
tion of energy between blast and thermal at the 
time of hydrodynamic separation is determined 
by the relationship between photon mean free 
paths, fireball radius, and time after burst. The 
detonation conditions determine these quanti- 
ties. The fmal character of the environment at 
some distance from the burst is not determined, 
however, until the time at which the inne1'" shock 
wave overtakes the outer one that was formed at 
the radiation front. At low and moderate alti- 
tudes, the inner shock front appears to catch up 
with the outer at hydrodynamic separation. (At 
higher altitudes, the inner and outer fronts do 
not coincide at hydrodynamic separation, and 
the inner shock wave does nQt catch up until 
some later time, determined by the burst 
conditions.) 


• 
As the (combined) shock front from a 


normal air burst moves ahead of the isothermal 
sphere it causes a tremendous compression of 
the ambient air and the temperature is thereby 
increased to an extent sufficient to render the 
air incandescent. The luminous sheU thus 
formed constitutes the advancing visible iu-eball 
during this "hydrodynamic phase" of fa-eball 
growth. The ia-eball now consists of two con- 
centric regions. The inner (botter) region is the 
isothermal sphere of uniform temperature. and 


-. j 


-. 
-- 


it is surrounded b)" a layer of luminous, shock- 
heated air at a somewhat lower, but still high, 
temperature. The surface of separation between 
the very hot core and the somewhat cooler outer 
layer- is the radiation front. The development of 
an air burst described in these and subsequent 
paragraphs is shown in Figure I -I. 
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Thermal Radiation III 


_ 
The relatively large amount of ther-mal 
ra~on emitted by a nuclear explosion is one 
of its most striking characteristics. This radiant 
energy may amount to from one-third to one- 
half of the total energy released by an air burst 
Jl 


ea 
n (see Chapter 3). 


During the early stages of expansion of 
t < m~andescent shock front, the emitted radi- 
ant power increases as the luminous sphere in- 
creases in size. even though expansion causes a 
temperature decrease. until a maximum (the 
first maximum) is reached. At this point. the 
effect of the rapid rate of decrease in tempera- 
ture overrides the enhancement of radiant power 
resulting from the increasing area of the lumi- 
nous !"phere . 


• 


Subsequently. further expansion causes 


uction in the radiant power. Eventually the 
shock front temperature is reduced to a point 
where the shock front is no longer incandescent, 
..•• ,.\.:.1. "~e the rate of emission of radiation 
from the shock front will be negligible. In effect, 
the shock front has become transparent. and the 
hotter incandescent inner core would be. expect- 
ed to be observable. Initially. however. the radia- 
tion emitted from the inner core is absorbed by 
compounds formed in the shock-heated air, and 
the radiant power reacheS a minimum. As these . 
compounds break down, the radiant power emit- 
ted from the inner core begins to pass through, 
and the inner core becomes the visible source of 
radiation. Thus. the radiant power increases 
again. This chang.e in boundary of the observable 
: .... ~i.-• .;,:.;;; .ii-here from the shock front to the 


incandescent inner core gives rise to the ter-m 


~reakaway." 
_ 
As the opacity of the shock-heated air 
decreases, the apparent temperature as measured 
from a distance approaches that of the hot pses 
of the inner core, and the emitted radiant power 
approaches a second maximum. Further expan- 
sion and radiative cooling of the hot gases, how- 
ever, give rise to a slow decrease in the radiant 
power. This decrease is so slow, relative to the 
previous rise and decline, that a large percentage 
of the total radiant energy emitted is delivered 
during this period. Finally. the rate of delivery 
of radiant energy drops to a low value . 
... The subsequent characteristics of the 
s~ 
or blast, wave are discussed in paral.!f3ph 


1-8 below and Chapter 2. The effects of the 
thermal pulse are discussed in Chapter 3. 


1-8 The Blast Wave II 
II A blast wave is characterized by a sharp 
rise In pressure, temperature. and density at its 
shock front. Thus, upon the arri\'al of a blast 
wave at a given location from the burst point. 
the sequence of events is a sudden increase in 
pressure. temperature. and density. followed by 
a subsequent decrease in pressure, temperature. 
and density to values below ambient, and a more 
gradual return to ambient conditions with the 
temperatures going slightly above ambient. The 
overall characteristics of the blast wave are pre- 
served over long distances from the burst point. 
but vary in magnitude with distance. With in- 
crease in distance, for example. the maximum 
pressure in the shock wave decreases, and the 
length of time over which the blast pressure is 
above ambient, the "positive phase." increases.. 
Also, under conditions of high relative humidity 
(SO percent or higher). the drop in air pressure 
below ambient Jowers the temperature sum- 
ciently to cause condensation of atmospheric 
moisture to form a luge cloud called the Wilson 
Cloud. When the air pressure again becomes nor- 
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mal. in a malleT of seconds.. the cloud d~ 
pears. Althoull! the Wilson Cloud is spectacular. 
because it always occurs too far behind the 
shock front to modify the blast effects.. and too 
late to reduce the thermal effects appreciably. it 
bas no military significance. 
_ 
Tbc' motion of the air away from the 


~POint during the positive phase and toward 
the burst point during the negative phase. is also 
characteristic of a blast wave. The pattern of the 
air motion or air velocity is the sam<e as for the 
other characteristics. with maximum velocity 
occurring just behind the shock front and de- 
creasing '\\ith distance from the burst point. At 
300 yards from the burst pOi;)t of a lookt wea~ 
on. the. peak wind velocity is about 240 miles 
per hour. 


1·9 
Nuclear Ra:Jiation II 


_ 
A unique feature of a nuclear explosion is 


t~clear radiation released. This consists of. 
but is not limited to. gamma rays. neutrons. 
alpha panicles. and beta panicles. About a third 
of' this energy is cmirted within the first second 
after detonation. the remainder being released 
from radioactive fission products and unf'lSSion- 
cd bomb materials over long periods of time 
after the burst. The effects of radiation can be 
increased during the f'1I'St few seconds as a result 
of the disturbance of the atmosphere by the 
blast wave. Such enhancement of' the effects 
compared to the effects in an undisturbed almo-- 
sphere is called hydrodynamic enhancement. 
The primary direct effect of nuclear radiation is 
an anti-personnel effect. with the penetrating 
radiations (pmma rays and neutrons) being the 
most dangerous. Residual nuclear radiation. due 
either to fallout or to neutron-induc:ed gamma 
activity. can under c:enain conditions deny entry 
in a bombed an:a for some period of time after a 
detonation. Direct nuclear radiation effects on 
materials and equipment are of less significance. 
except for sensitive detector materials and cer- 


laiD eleecroDie eompoDeDt5. HO'A"e'Ver. Duclear 
l'adiat01. produces indirect effects. su e b as 
'DIP aDd blackout. which are discussed iD 
Chapter 1 aDd S. respectively. ThE'Duc1ear 
radiauOD en v i rOD m en t aDd tb e errects on 
pet'SODnel are discussed i D Chapter 5. The 
eRects or nuclear radiatiOD CHI elec:uonic eom- 
pODeDts are discussed in Chapter 6. 


1-10 ~ 
Pul. II 
• 
The electrons that are separated from 


the atoms of the air by the pmma rays (para' 
graph 1-6) lose energy to surrounding air mole- 
cules. The enetBY lost in these collisions is used 
to free additional electrons. i.e., funher ioniza- 
tion. Tbc' net result is a now of negatively charg· 
ed electrons radially outward from the t'Xplo-- 
sion. while the heavier ions remain behind. If the 
explosion occurs in a homogeneous (constant 
density) atmosphere. two shells of charge are 
created: an inner positive ion shell. and an outer 
negative electron shell. A large local electric field 
is created in the radial direction; however. under 
such conditions, no electromap1ctic field is radi- 
ated away. In practice. various as)'Inmetries will 
occur that will result in electromagnetic f'aelds 
being radiated from the source region. Tbc' p0- 
tential importance of these f'aelds will depend 
strongly on the circumstances of each individual 
burst. These effects are discussed in more detaD 
in Chapter 7. 


,." 
~WIMt 
~. 
• 
Air burst effects on eJectromagnetic 
wave propaption are essentially associated with 
the f'u-ebaU rqion. While relatively srnan. this 
region can be bighJy jonjzed for a few tens of 
seconds.. and may haft seriously detnding ef- 
fects on the propaption of radio and radar sig- 
nals. The effects of nuclear explosions on the 
propaption of electromagnetic sipals are dis- 
cussed in Chapter 8. 
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'·12 The Cloud. 
_ 
Because of its relati~ly low density 
compared to ambient conditions.. the mass of 
hot pses making up the rrreban rises. The rate 
of rise may reach several hundred feet per sec- 
ond. after which it decreases rapidly. As the 
pses rise. tMy expand. cool, and condense 
formj111! a radioactive cloud that consists large'y 
of water vapor and metallic oxides from the 


w~pon. As the rl!eball cools.. the color chan~ 
gradually from red to a reddish brown. and ulti- 
mately water vapor from the air condenses suffi- 
ciently to produce a white color. As the heated 
mass of air in the fireball rises. cool air is pulled 
in from the sides and below. which rna)' cause a 
doughnut-shaped ring to Conn around the col· 
umn of hot air. This part of the cloud rolls vio- 
lentl)' as it rises. The cloud from a I·kt detona- 
tion may reach a hei~ht of 5.000 to 10.000 ft 
above the bUTSt point. after which is moves and 
diffuses according to the prevailing meteorolog- 
ical conditions. 


• 
THE SURFACE BURST II 
II 
A surface burst is defined as the explo- 
sion of a nuclear weapon at the earth's surface. 
(Figure 1-2 shows the development of a surface 
burst.) When a nucleaf weapon is burst at the 


'S11,..f1l(,E' of the earth the sequence of events in 
the development of the rlreball and the fonna- 
tion of the blast wa~ is the same as that for an 
air burst, except that the fireball boundal1~ and 
the s~ock front are roughly hemispherical. Since 
the earth's surface is an almost perfect reflector 
for the blast wave, the resulting blast effects are 
almost the same as for a burst of twice the yield 
in free air. 


'·13 Ground Shock • 
-. 
Wben a burst takes pbce on the around 
su'=. part of the energy is directly trans- 
mitted to the earth in the fonn of around shock. 
Also. the air blast wave induces a ground shock 
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wave that. at shallow depths. has essentially the 
same matmitude as the air blast wave at the same 
distance from the burst. The directly trans- 
mitted around shock, although of hi~her magnj.. 
tude initially, attenuates radially faster' than the 
air blast induced shock. These effects are dis- 
cussed in greater detail in Chapter 2. 


1-14 The CnrtIIr • 
' 


_ 
A land surface explosion of a nuclear 
weapon exerts initial shock pressures of hun· 
dreds of thousands pounds per square inch on 
the surface of the earth. The pressures result in 
displacement of material as well as downward 
compression of the soil to fonn a crater. In addi· 
tion to the material that is thrown out. some 
earth will be vaporized by the intense heat. As 
will be discussed in Section II. Chapter' 2. the 
size of the crater' wiD depend upon the type of 
soil on which the explosion occurs. A crater' of 
approximatel)' 120 feet in diameter' and 28 feet 
in depth is fonned by a I kl weapon burst on a 
dry soil surface. 
'·15 Thermal Radiation II 
• 
As a result of the heat transfer to the 


su~. the bemispherical shape of the fireball. 
and the partial obscuration of (he nrebaU by 
earth or water, the radiant exposure received by 
surface targets from a nuclear weapon burst on 
the surface is somewhat Jess than would be de- 
livered by an air burst nuclear weapon of the 
same yield. 


1-16 Initial Nuclear Radiation II 


• 


In view of the absorption by the earth. 
iru 
nuclear radiation seneraUy is less at the 


same distance from a surface burst than from an 
air burst; however. the hydrodynamic enhance- 
ment for high yield weapons may result in an 
increase in the initial gamma radiation. Each 
case should be examined separately by the me£h- 
ods described in Chapter S to detennine the 
total initial nuclear radiation dose for a gi~n 
situation. 
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Figure 1-2.. II Development of • Surface Burst II 
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'-17 Residual Nuclear Radiation II 
_ 
The contamination efrects of residual 
n:r radiation from a surface burst are greater 
than for an air burst. and hazardous radiological 
effects are produced over greater areas than 
those seriously affected by blast or by thermal 
radhtion. R01.Jghly half the available radioac- 
tmt\' resultine from a nuclear explosion on land, 
for ~xample. can be expected to fall out in tbe 
gener..t] 'icinity of the burst point. Dose rate 
contours near the burst point as great as ] 0.000 
rlbr at H + ] hr have been observed at tests, 
regardless of yield. 


1·18 
Elecb"omagnetic Pulse (EMP) 
Radiation. 
• 


• 


) r thf' detonation occurs at or near the 
sur ace of the earth. the EMP phenomenon men- 
tioned in paragraph I-I I produces intense elec- 
tric and magnetic fields that may extend to dis- 
tances of several thousand yards. depending on 
the weapon yield. The affected region is highly 
ionized and large electric currents flow in the air 
and the ground. Beyond this ionized region. the 
pulse strength drops fairly sharply. eventually as 
the inverse of the distance from the explosion. 
The strong fields may damage electrical and elec- 
tronic equipment at distances exceeding those at 
.• :.;.:. ",:", •. :::_ .. ;~t air blast damage may occur 
bee Chapter 7). 


'·19 
Electromagnetic Wave Propagation II 


• 
Surface burst effects on eleclT~magne~c' 


wave propagation are essentially assocIated WIth 
the lueball Te1tion (see paragraph I-ll). Surface 
material drawn up with the fireball can cause 
attenuation by scattering of incident radar sig- 
nals and obscuration or scintillation of optical 
::Idiation. 
'·20 The ClOUd. 
. 
.. 
A !""Pat quantity of material is tbrown 
o~om the point of explosion of a nuclear 


'-14 
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weapon that bursts on the surface. As the rue- 
ball rises. some materia) is drawn up under the 
rlfebaU, forming a stem and sometimes fonning 
a second cloud below the one tbat develops 
from the luebalL The stem and cloud(s) con- 
tinue to rise and follow the course described fOT 
air burst. 


1·21 
WB1er Surface Bursts II 
II In general, the phenomena as outlined in 


paragraph 1-13 through 1-20 will occur for a 
surface burst on water. Also, the expanding 
sphere of hot gases depresses the water. causing 
the formation of a surface wave train and the 
transmission of a directly coupled sho~k W3,":: 
into the water. The expanding air blast wave in- 
duces a shock wave in the water, which at sha!· 
low depths has essentially the same magnitude as 
the air blast wave at the same distance from the 
burst. Although the directly coupled water 
shock is of higher magnitude initially. it attenu- 
ates faster than the air blast induced water 
shock. As the height of burst increases from 
zero. depression. surface waves, and directly 
coupled water shock become smaller in magni- 
tude. The formation of a crater on the bottom 
as the result of a surface burst in shallow water 
will depend on the depth of the water, yield of 
the weapon. and other factors. A I kt weapon . 
for example, burst on the surface of water 40 
feet deep with a soft rock bottom, will form a 
crater 60 feet in diameter and 2 feet deep. 
I 


THE TRANSITION ZONE 


ETWEEN AN AIR BURST_ 
AND A SURFACE BURST 


- 
There is a sizable zone above the earth's 
su: where, for weapons burst in the zone, 
the presence of the eanh's surface modifies one 
or more of the basic weapon phenomena signifi- 
cantiy. As the height of burst is successively low- 
ered in this transition zone. the earth's Sllli"ace 
plays an increasingly important role in modify- 
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III 
ing weapon phenomena; there is a gradual transi- 
tion from the characteristics of an air burst to 
those of a ~rface burst. The upper boundary of 
the transition zone varies depending upon the 
phenomenon being considered, becallse the ef- 
fect of the earth's surface ceases to be of impor- 
tance at different scaled heights of burst for dif- 
f=rent phenomena. These variations are describ- 
ed in detail for each phenomena in Chapters 2 
through 8. 
__ 
HE HIGH-ALTITUDE BURST II 


1-22 Description II 


• 
As the detonation altitude increases, the 
interaction of weapon energy with the atmo- 
sphere changes markedly and is affected by 
weapon design and atmospheric conditions 
(pressure. density, and composition). There are 
several rather broad])r deimed altitude regions in 
which the formation and subsequent motion of 
the f'lreball differ. The term high-altitude bursts 
as used in this document refers to these regions 
collectively and includes air bursts in the lowest 
region. 
1-23 Development III 
_ 
For detonations below about 350,000 


feet, a large fraction of the X-ray energy is de- 
posited near the burst point, heating the air to 
mcandescence. As the detonation altitude in· 
creases above sea level, the air density decreases 
and the X-ray mean-free path increases. The 
principal mechanism for the initial i:aeball grow- 
th gradually changes from hydrodynmic mo- 
tion (shock heating) to radiation heating. After 
the f':aeball reaches the initial size where growth 
by the heating of S1.lJTounding air .ceases, it ex:' 
pands and rises in a manner related to the atmo- 
spheric scale height. The atmospheric scale 
height is the altitude separation where the den- 
sity (or pressure) differs by a factor of e (2.7); 
the scaJe height varies from 15,000 to 25.000 
feet below an altitude of 350,000 feet. 


_ 
If the initial faeball radius is smaller 


~e 
atmospheric scale height, the faeball 


expands to pressure equilibrium with the atmo- 
sphere. The subsequent fJreball motion is similar 
to that descn"bed for air bursts; that is, the flJ'e- 
ball rises principally due to buoyant forces. For 
yield-altitude combinations where the initial 
fIreball radius is cpmparable to or exceeds an 
atmospheric sc:aJe height, large vertical pressure 
gradients are produced that cause an upward 
force on the f'lJ'eball, giving it a boost or ballistic 
impulse upward. The faeball can be carried to 
altitudes far above the detonation point before 
expanding to pressure equilibrium with the sur- 
rounding atmosPhere. As a result of the rapid 
decrease in atmospheric density with increasing 
altitude, the f:aebalJ density may become greater 
than the surrounding atmosphere. After reaching 
maximum altitude, the flJ'eball then faUs ballistj· 
cally until encountering air of comparable den- 
sity. This late-time f:aebaD behavior will be mod· 
ified if the flJ'eball density at the maximum alti- 
tude is low enough that the ionized component 
of the fU'Cball gas is trapped by the geomagnetic 
f'leld 
• 
For detonations below about 200.000 


feel, the f:aeball region fOnDS a toroid. The time 
required appears to depend on weapon yield and 


• 


tion altitude. 
For low-altitude bursts, large tempera- 
ture and pressure gradients at the boundary of 
the radiation f':aeball produce a strong shock 
wave (see paragraph J-(». As the detonation alti- 
tude increases and the radiation (X-ray) f:aeball 
becomes large, the gradients at the boundary 
become weaker; the principal shock wave is then 
produced by the initial radial expansion of the 
debris within the X-tay IJreball. 


• 


The f'Ireball starts as a highly ionized 
p 
a. As it expands, it pushes the geomagnetic 


f'leld out ahead of it. For detonations above 
about 250.000 feet, the magnetic pressure 
caused by the deformation of the field eventual- 
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Wws the expansion across the f"Jeld while the 
expansion along the field continues. The f"treball 
gradually becomes cylindrical in shape. After the 
expansion across the magnetic tleld has slowed, 
the magnetic field reenters the tuebaD turbulent- 
ly, causin~ the local ionized f"ueball ps to be- 
come striated along the direction of the field. 
.. 
For detonations above about 3S0,OOO 
;~ 
... aY$ have a w,e ~-free path. deposit 
their energy over a Ial'Je distance. and do not 
produce a localized tuebaJl. However. below 
about 900.000 feet a tU'Cball can be formed by 
deposition of the debris kinetic energy. Hydro- 
magnetic couptng between the debris and the 
ionized air around the burst point results in the 
deposition of most of the debris kinetic energy 
(roughly one-fourth of the total weapon ene.gy) 
ne3T the burst point, producing a local tueball. 
-. 
The geomagnetic field plays an increas- 
~portant role in f"lJ'ebaIl formation as the 
detonation altitude increases. The hydromag- 
netic: coupling is actually quite complex. Insta- 
bilities in the interface between the expanding 
debris and the magnetic field can cause jetting of 
debris across field lines. Debris initially directed 
downward is stopped by the denser air below 
the burst point, while upward-clirected debris 
travels to large distances. If in being ~opped by 
the atmosphere, the downward-directed debris 
heats and ionizes the air, the heated region will 
subsequently rise and expand. Some upward- 
directed ionized debris will follow geomagnetic 
f"leld lines across the geomagnetic equator before 
beinR depo5ited in the atmosphere. 
" 
.. 
For Jari;e-yield bursts detonated aboVe 
aalSO.OOO feet. X-ray energy, while not pro- 
ducing a localized f"ueball. will heat the atmo- 
spbere 'below the burst sufficiently to cause 
upward motion, changing the atmospheric den- 
sity and composition at higher altitudes. This 
phenomenon is primarily important in the analy- 
S;S \)1' lKIqlolCDtial bursts, where changes in atmo- 
spheric properties caused by one burst arced the 
- 


deposition of enesgy (and thus the pbenomenol- 
ogy) of succeeding bursts. 
.. 
As the luebaD rises, most of the weapon 


d~is canied with il. After altitude stabiliza- 
tion takes place, the debris continues to be dis- 
persed by diffusion and atmospheric: winds. 
Both expansion and horizontal displacement of 
the debris center occur. the specific rates depend 
on prevailing wind motion and eddy diffusion at 
the debris stabilization altitudes. but they gen- 
eraUy increase with increasing stabilization alti- 
tude. For detonations above about 200.000 feet. 
where the geomagnetic field acts to comme the 
debris, much of the debris may be trapped above 
several bundred thousand feet where the air den- 
sity is low and wind motion negligible. However. 
after a period of minutes to perhaps several 
hours, most of the debris will have diffused or 
settled down the field lines to altitudes where 
wind motion can spread the debris over large 
areaS. The detaDed debris distribution during the 
early f".areball growth and rise, and within the 
toroid at later times. is poorly known at present; 
bowever, many electroJna8ftetic propagation ef- 
fects are dependent only on the gross debris 
distribution. 
___ The differing regions of phenome- 
n~iUusb'ated in the altitude-yield map 
shown in Fipre 1-3. Figure 1-4 
... 
~enarter 


CHECKMATE 
tion of a 
the bu()ftlllt 


at 100 tee:- 
ilIUslrallC$ the diffiClllty in dermiDg simple 
,eometrieal bouudaries for rll'eball and debris 
l'IIigions. The innermost reaion is mostly weapon 
debris and heated air; the horizontal and vertical 
dimensions are about 450 kilofeet and 800 kilo- 


,If' " 
...... 1 


'. ; 
• 


1600 TRANSITIONS BETWEEN REGIONS 
~ 
.1. 


1400 .ARE IDEALIZED AS SHARP BOUN- 
NON-LOCAL DEPOSITION OF DEBRIS 
DARIES.BOUNDARIES ARE SHOWN 
ENERGY (DEBRIS INITIALLY DIRECTEO- 
1200 -INDEPENDENT OF YIELD WHERE 
--DOWNWARD MAY PRODUCE FIREBAll- 
YIELD DEPENDENCE IS UNCERTAIN 
BELOW DETONATION POINT) 
1000 -oR. UNKNOWN. 
-----f..;-:.t-----I-----~ 
~ 
I. 
LOCALI'ZED FIREBALL 
6OOr---------_;-----------+----------~----------+_--------_; 


4OOrn ...... 
~-... ... 
--........=_____iI_ 
_____ 
----t------I-DE8RIS IIREBAtL 


300 


--......... r---....,BALLISJIC RISE 
. l' 
beOMAGNETIC 
X-RAY-HFIELD 
.............. r---.FIREBALL It· EFFECTS 


~...... 
--""r----.- 
2oo~-----~~~~---~-----+-------~--~--~---~ 
" 
BUOYANT AND BAlliSTIC RISE 


loo~----~---~~~--------+_--------_r--------~ 
BUOV!I~--,_-------+------~ 


10 let 
lOCI let 
1 Mt 
10 Mt 
looMt 
BURST YIELD 


Figure 1-3. 
Altitude-Yield Map Showing Differing Regions of Phenomenology II 


feel. respectively. Most of the weapon debris 
with many striations oriented along the ge0- 
metric field. (The dark spots \\itbin tbe f"aeball 
are rocket trails.) 
appears to be concentrated near the bottom of 
the region. Some of tbe material near the top of 
the region is beginning to be affected by the 
geomagnetic field. The outer edge of tht;: lumj.. 
nous region is a shock wave moving about 
10,000 feet per second. While not def"med as a 
f"aeball, there is still significant modification of 
tbe natural air chemistry within the region. 
~e 
influence of the geomagnetic field 


~ll 
formation and growth is clearly evi- 


dent in Figure 1-4c. The overall f"aeball diameter 
is about 300 kilofeet. and the length along the 
JleomalD'letic field is about 1,000 kilofeet. The 
heated air within the f"rreball is highly ionized, 


1-24 The Blast Wave II 


_ 
As the burst height is raised. the X-rays 
are-:rsorbed at longer distances from the burst 
as a result of their greater penetrating ability in 
the less dense air. The blast wave develops more 
slowly at higher altitudes. and at about 100,000 
feet burst altitude the effective blast yield begins 
to decrease, until aJ a burst altitude of about 
. I 50,000 feet the effective blast yield is only 20 
to 40 percent of wbat it would be at sea level for 
the same total energy yield. 
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Figure 1-4 •• 
Photographs of High Altitude Bunts, t - 
100 lie • 


1·25 Thermal Radiation II 
_ 
Two factors affect the thermal partition 


o~ergy at high altitudes. First. as mentioned 
in paragraph 1-24. shock waves form much less 
readily in the thinner air; consequently the fue- 
ball is able to radiate thermal energy that would. 
at lower altitude, have been transformed to 
hydrodynamic energy of the blast wave. Second, 
the thinner air allows energy from the nuclear 
source to travel much farther than is possible at 
sea level. Some of this energy travels so far from 
the source that it makes no contribution to the 
energy contained in the fueball. In general. the 
first of these factors becomes effective between 
about 100,000 and I 4O,U~O feet, and the ther- 
mal efficiency rises. Above about 140,000 feet 
the second factor becomes more important, and 
the thermal erficiency drops. For burst altitudes 
between about 290,000 feet and 350.000 feet, a 
layer of incandescent air may be formed below 
the local fueball that was described in paragraph 
1-23. This layer will be on the order of 45,000 
feet thick and may be centered between about 
250,000 feet and 270.000 feet, depending on 
the effective X-ray temperature of the weapon. 
This heated air will reradiate at longer wave· 
lengths that will reach the ground and will be 
the primary source of thermal damage at the 
surface of the earth; however. the thermal radia- 
tion from the local fueball (radiation of the 
weapon debris and nearby air) is a potential 
source of eye damage, i.e., retinal burns and/or 
flashblindness (see Chapter 10). 


1-26 
Nuclear Radiation II 
til Nuclear radiation also extends over large 


regions from high altitude bursts as a result of 
the thinner air. This radiation may be damaging 
to electronic equipment in missiles in flight (see 
Chapter 6 and Section VII, Chapter 9). The radi- 
ation will also produce ionization over regions 
large in comparison to the size of the frreball 
region. The extent of the ionization depends on 
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the mean-free path of the radiation, which dif- 
fers for the several nuclear radiations. and on the 
detonation altitude. Sina: the flSSion debris is 
one source for gamma rays and beta-particles, 
the location of the fISSion debris as a function of 
time after burst is required to determine the ex- 
tent of the ionization. Energy deposition in the 
atmosphere from nuclear radiation also results in 
radiation in the optical band of the electromag- 
netic spectrum. 


1·27 
Electromagnetic Pulse _ 
II 
Detonations above about 130,000 feet 
produce EMP effects on the ground over areas 
that may encompass thousands of square miles. 
Although the strengths of these fields are less 
than half those in the highly ionized region sur- 
rounding a surface burst, they are of sufficient 
magnitude to damage electrical and electronic 
equipment. The mechanisms of formation of 
EMP are treated in Chapter 7. 


1·28 Electromagnetic-Wave Propagation III 


• 
A phenomenological effect of consider· 


able mterest for high detonation altitudes is per- 
sistent ionization of the atmosphere. Electra- 
magnetic waves propagating through the ionized 
atmosphere can incur amplitude and phase 
changes, and radar 3ild communication systems 
dependent on electromagnetic propagation 
through the atmosphere can be affected. E1ec- 
tromagnetic radiation emitted by the burst or by 
disturbed regions in the atmosphere can reduce 
the signal-ta-noise ratio by increasing the noise 
bMck 
ound. 
For detonations below about 50,000 


fi 
• 
e principal region affecting electromag- 


netic propagation is the f"nball. While relatively 
small, it can be intensely ionized for a few tens 
of ~onds. For detonations above 50,000 feet, 
the ruebaU can remain intensely ionized for tens 
to hundreds of seconds. A significant fraction of 
the primary products of the weapon can escape 
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- 
to great distances, and the attendant ionization 
(in the atmosphere) can persist for minutes to 
bours. 
II 
THE UNDERGROUND BURST III 


1-29 Development • 
_ 
An underground burst is defmed as the 


ex~on of a nuclear weapon in which the 
center of the detonation lies at any point be- 
neath the surface of the ground. Figure ]-5 
shows the development of a shallow under- 
ground burst. When a nuclear weapon is detonat- 
ed at a sufficient depth underground. the ball of 
fire formed js composed primarily of vaporized 
materials from the bomb and vaporized eanh. 
At shallow depths, light from the fu-eball gener- 
ally may be seen from the time it breaks through 
the surface until it is obscured by dust and vapor 
c1ouds, a 'matter of a few milliseconds. The char- 
acteristics of the explosion and their related ef- 
fects depend upon the depth, yield, and soil 
type. As the depth below the surface is increas- 
ed. the characteristics depart gradually from 
tboSe of a surface burst and fmally, at depths of 
the order of 20 feet for a ] kt detonation, the 
explosion exhibits the phenomena commonly 
associated with underground explosions. It is 
emphasized that the transition from the observ- 


~U .. :ildlddc:ristics of a surface burst to those of 
an underground burst is,not sudden, but that the 
characteristics change gradually. 


1-30 Air Blast II 
,", 


• 
Bursts at depths shallow enough to per- 


mit significant venting will produce air blast 
waves similar to those of air or surface bursts. As 
the depth of burst increases. the magnitude of 
the air blast will decrease. 


1-31 
Column, Cloud, and Base Surge tI 
• 
The fIrst physical manifestation of an 


underground explosion at shaDow depths is an 
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incandescence at the ground surface direc:tJy 
above the point of detonation. This is almost 
immediately followed by large quantities of ma- 
terial being thrown vertically as a consequence 
of the direct ground shock reflection along the 
groun!l surface. Concurrently, large quantities of 
gas are released. These gases entrain additional 
quantities of material and c:any them high into 
the air in the form of a cylindrical column. As 
the column rises it fans out and forms a dense 
cloud. Some of the particles thrown vertically. 
together witb the entrained particles behave like 
an aerosol with a density considerably greater 
than the surrounding air. This aerosol subse- 
quently falls in the immediate vicinity of ground 
zero. and the rmer soil particles spread out radi- 
ally aJong the ground to form a low dust cloud 
called the base surge. For a I kt weapon burst at 
a depth of 20 ft. it is estimated that the column 
will reach a height of approximately 420 ft and 
a diameter of 660 ft, the base surge will be 
4.400 ft in diameter and the upper cloud will be 
5,000 ft in height. Dimensions of the base surge 
are cliscussed in Section II, Chapter 2. For shal- 
lower depths of burst. the column tends to as- 
sume the shape of an inverted cone rather than a 
cylindrical column and has a more pronounced 
radial throwout. Shallower depths of burst also 
become less favorable for the formation of a 
base surge, approaching the conditions of a sur- 
faoe burst where no base surge is expected. 


1-32 Ground Shock II 
II 
As a burst is moved deeper and deeper 
into the ground, the directly tnmsmitted ground 
shock increases in importance and the air in- 
duced ground shock 'becomes less important. 


1-33 Crater. 
_ 
Formation of the crater from an under- 
ground burst is essentially the same as for a sur- 
face burst, except that at shaDow depths more 
material is thrown vertic:aD.y. Subsequently, 
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Figure 1-&.. • 
Development of • Shallow Underground Bunt II 
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Figure 1~ II 
DeoveIoprnent of • Deep UncIefground Bunt II 
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II 
much of the ejected material collapses and falls 
back. partly into the newly fonned crater and 
partly onto the SUttOunding "lip." ]be general 
term ""fallback" is used to describe the material 
tbat immediately falls back into tbe crater. The 
term "ejecta" describes material whicb bas fallen 
onto the crater lip. The size of tbe remaining (or 
.. apparent .... ) crater depends on the energy yield of 
the detonation and on the nature of the exca- 
vated medium. In general, for equivalent condi- 
tions, the volume of the crater is roughly pro- 
P2rtional to the yield of the explosion. 
-_ 
The size of the apparent crater increases 
~creasing: depth until a certain optimum 
depth is reached. The scaled optimum depth is 
differenJ for the crater radius than for the crater 
depth and also varies markedly for different 
media. At depths below the optimum for the 
particular medium surrounding the burst. the 
crater dimensions decrease with increasing 
depth. At sufficiently deep depths the explosion 
will not vent to the surface and a cavity (camou- 
net) will be formed. There mayor may not be 
disturbances at the surface, depending on the 
depth of the detonation and the material com- 
prising the ground. 


1-34 Thermal and Nuclear Radiation II 
III As a general rule, the thermal radiation 
WIll be almost completely absorbed by the 
ground material, so that it does not represent a 
significant hazard. Most of the neutrons and ear- 
ly gamma rays will also be removed, although 
the capture of the neutrons may cause a consid- 
erable amount of induced radioactivity in vari- 
ous materials present in the soil. This will consti- 
tute a small part of the residual nuclear radia- 
tion. of importance only in the close vicinity of 
the point of burst. The remainder of the residual 
radiation will be due to the contaminated base 
surge and fallout . .For shallow depths of burst, 
the fallout effects are similar to tbose of a sur- 
face burst. As the depth of burst increases how- 


ever. more and more of :lIe contaminant is de- 
posited in the immediate vicinity of the detona- 
. tion, until for the case of no surface venting. aU 
of the contaminant is contained in the volume 
of the ruptured earth surrounding the point of 
detonation. 


1-35 Electromagnetic Pulse • 
• 
For shallow depth of burst, the electro- 
magnetic pulse should be similar to, but of lesser 
magnitude than, tbat for a surface burst of the 
same size. As depth of burst increases, the ex- 
tent and magnitude of the pulse will diminish_ In 
general, the electromagnetic pulse from such 
bursts should be a much less significant damage 
mechanism than ground shock. Adequate test 
data for prediction are, however, lacking. 
II THE UNDERWATER BURST II 


1-36 Development_ 
III. An un~erwater burst is defined as the 
explosion of a nuclear weapon in which the 
center of the detonation lies at any point be- 
neath the surface of the water. (Figure ]-1 
shows development of a shallow underwater 
burst; Figure 1-8 shows development of a deep 
underwater burst.) An underwater nuclear ex- 
plosion releases large amounts of thermal and 
nuclear radiation, essentially all of which is 
absorbed by the surrounding water within sev- 
eral feet of the explosion. (Some radiation with- 
in the visible spectrum can be radiated to greater 
distances depending on the transparency of the 


w~ter 
During the early stages of the explosion. 


the 
b materials attain a very high tempera- 
ture (on the order of millions of degrees) and a 
very high pressure (on the order of millions of 
atmospheres). Energy acquired by these ma- 
terials is transferred to the layer of water closest 
to the bomb, which is heated and compressed 
and whi~ then, heats and compresses the next 
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Figure 1-7. til Development of • Shallow Unclenmer Burst _ 
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Figure 1-8. II Deft!opme .. t of • Deep Undet ... Burst II 
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• 
outward !ayet'o By this rneclwUsm. a wave or 
compression (the hydrodynamic or shock front) 
is formed and mO\'eS outward from the bomb. 
This front moves faster thm the material it en- 
1Ulfs. .... hich also mO\'eS outward but at a slower 
nte'. 
_ 
As tJ.e shock front mO\'eS away from the 
po~ of explosion. energy is dissipated in the 
form or ilC4L, which raises the temperature of 
the .. uter passed OYer by the front. The largest 
temperature inc:n:ase occurs near the centet' of 
the explosion. where it is great enoup that the 
water is not only vaporized. but dissociated as 
well. At somewhat ~eater distances. the water is 
vaporized and turned to steam; at still greatet' 
disUnces. the ",,'atet' is heatecl. but not to its boD- 


i~int. 
.. 
ThUs. shortly aftet' an unduwater burst, 


an exp3nding bubbie is formed. This bubble is 
composed large!)' of vaporized water with radio- 
actne debris at its c:entet'. surrounded by heated 
watn-. Continued expansion of this bubble re- 
sults in a pressure reduction within it. As the 
bubble pressure falls below the vapor pressure of 
the heated water. vaporization of additional 
water occurs at the interface of the bubble and 
the water. 
11 


In a deep unduwater explosion, the 
.... 
.. rn."jl''I1If''I> to expand at a decreasing rate 
until a maximum size is reaehed. If not too near 
the surface or the bottom. the bubble remains 
rouahly spherical to this point. As a result of the 
inertia of the water set in motion by the early 
expansion of the bubble it actually overexpands, 
i.e., when it does attain its maximum size, its 
contents are at a pressure weD below the ambi- 
ent water pressure . 
• 
The higher pressure around the bubble 


causa it to contract. with a resultant increase in 
internal bubble pressure, and- condensation of 
some of the bubble contents. Because the hydro- 


~:!!;-: ~!~!l.l!"e at the bubble bottom is larger 
than at the top, the bubble does not remain 
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spherical during the contracting phase. Its bot- 
tom mO\'eS inward faster than its top (which 
may rmWn stationary or even rise slightly). con- 
tacts the top (forming a dous!mut-shaped bub- 
ble viewed from above), and caLlSeS turbulence 
and mixing of the bubble contents with the sur- 
~gwater. 
_ 
The inertia of the wateJ: set in motion by 


conuac:tion of the bubble causes it to overcon- 
tract. and its internal pressure once more be- 
eomes higher than the ambient water pressure. A 
second compression (shoek) wave in the water 
eommenees after the bubble reaches its mini- 
mum volume. This eompression wave has a 
lower peak overpressure but a longer duration 
than the initial shock wave in the water. A sec- 
ond cycle of bubble ex~on and contraction 


then~s. 


• 


During the initial expansion cycle, the 
bu 
is relatively stationary. but upon con- 
tracting begins to m,jgrate upward under the ac- 
tion of buoyant forees. The rate of upward mi· 
gration is greatest at times of bubble minimum 
size. and is almost zero at times of maximum 
site. when the bubble is again almost spherical. 
III If the explosion occurs far enough from 
the SUrface, the bubble continues to pulsate and 
rise. though after thrt!e complete cydes enoup 
condensation of steam has taken place to make 
it unlikely that additional pulsations will occur. 
During pulsation and upward migration, how- 
ever, the water in the vicinity of the bubble ac- 
quires considerable upward momentum. and 
eventually breaks through the surface with some 
violence . 


• 


For sbaIIow bursts, the bubble may 
. through the surface during one of the 
early pulsatioas or even before completion of a 
single pulsation cycle. If such a breakthrough 
occurs during the portion of the cycle at which 
bubble pressure is lUgher than ambient pressure 
(as with a very sbaDow explosion). a phenome- 
non known as a blowout occurs. If breakthrough 


.- 


I 


II 
occurs when bubble pressure is below ambient 
pressure, the reverse phenomenon, blow-in, oc- 
curs. The character of the surface effects differs 
for the two phenomena. (See paragraph 1-39.> 


• 


(f a burst occurs near the sea (or harbor) 


be) 
• the general bubble behavior is as de- 
saibed above. A pulsating bubble, however. is 
drawn toward the bottom and. therefore. bubble 
migration toward the surface is slowed. 


1-37 Water Shock Waves and Other 
Pressure Pulses II 
• 
The primary shock wave that moves out 
from the explosion center is characterized by an 
extremely rapid increase in pressure (virtuaUy in- 
stantaneous) to a very high initial or peak pres- 
sure, and then an almost exponential decrease to 
a value less than the hydrostatic pressure at the 
explosion point. Though a water shock wave re- 
sembles an air blast wave superficially. its peak 
pressures are genc:: ... lly much higher, and dura- 
tions much shorter. In the absence of nearby 
boundaries, the shock wave proceeds outward 
radiaUy at a very high initial velocity. which 
soon decreases to nearly the velocity of sound in 
water (about 5,000 f[/sec). Shock wave velocity 
depends on water temperature, density, and sa- 
linity; and therefore. a shock wave may be bent 
(refracted) as it moves through regions of differ- 
Ing characteristics. 


_ 
Shock wave reflections from the surface 
~ttom affect the shock and pressure field 
at a point distant from the explosion. ~ce re-- 
flection from the surface is in the foim of a 
negative. or tension wave. it can cause a shorten- 
ing of the pressure pulse (cutofO. and, when the 
shock wave encounters the surface at a smaU 
enough angle. reflection can even reduce the 
magnitude of the primary pressure pulse. Reflec- 
tion from the bottom generates a second com- 
pression wave in the water that can be effective 
in damaging ships. 
• 
Additional shock and pressure waves, 


generally of lesser importance than the primary 
shock wave or the bottom reflected shock 
waves, can be generated by shock wave energy 
that has been transmitted to bottom material or 
to the air and retransmitted to the water, by the 
collapse of a cavitation region near the surface. 
and bv re-reflections of any of these • 
.. 
Shock or compression waves from subse- 


q~ 
bubble pulses generally behave in the 
same manner as the initial shock wave and 
undergo reflection and refraction of the same 
character . 


1-38 Air Blast II 
. 
_ 
As in the case of an underground burst, 
air ~ 
waves are formed by an underwater 
burst. Their propagation depends upon the 
depth of burst. The rlJ'St air blast wave from an 
underwater burst is that formed by the transfer 
of the shoek front across the water-air interface. 
This front appears as a flat dome. The second air 
blast wave is transmitted by the venting bubble. 
This front will propa~.lte essentially hemispheri- 
cally. For shallow burst depths, the air blast 
wave resulting from venting is more intense than 
the shock wave transmitted across the water-air 
interface. For deep bursts, on the other hand, 
the shock wave transmitted across tbe water-air 
interface yields the higher pressures. 


1-39 Surface Effects tI 
II The rust surface effect of an underwater 


burst is caused by the intersection of the pri- 
mary shock wave and the surface. Vicwed from 
above, the effect appears to be a rapidly expand- 
ing ring of darkened water (often called the 
."sIick"). Following closely behind the darkened 
region is a white circular patch (the "crack") 
probably caused by underwater cavitation pro- 
duced by the reflected rarefraction wave. Short- 
ly after appearance of the crack. the water above 
the explosion rises vm1ically and forms a white 
mound of spray (the "spray dome"). This dome 
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- 
is caused b)" the velocity impartf'd to the water 
near the surface by the reflection of the shock 
"''ave and to the subsequent breakup of the sur- 
face layer into drops of spray. The initial up- 
ward velocity of the water is proportional to the 
pressure of the direct shock wave, and so it is 
greatest directly above the detonation point. 
Consequently, the water in the center rises more 
l"3;:,!d!y (:nd, for a longer time) than water far- 
ther away. As a r~sult. tlie sides of the spray 
dome become steeper as the water rises. The up- 
ward motion is terminated by the downward 
pull of gravity and the resistance of the air. The 
total time of rise and the maximum height de- 
pend upon the energy of the explosion, and 
upon its depth below the water surface. Addi- 
tional slick. crack. and spray-dome phenomena 
may result if the shock wave reflected from the 
water bottom and compression waves produced 
by the gas bubble reach the surface with suffi- 
cient intensit)o·. 
~ 
For shaUow bursts, the spray dome ap- 
~o 
be rapidly converted to a column 
formed by the upward and outward acceleration 
of the water surrounding the explosion. If 
blowout occurs, the upper part of the column is 
likely to be marked by a crown of ,explosion 
products. If blow-in occurs, the crown is likely 
to be absent. In its later stages, the column may 
break up into plumes (relatively broad jets or 
spouts of water that disintegrate into spray as 
they travel through the air). 


• 
For bursts deep enough that blowout, 


does not occur, but not so deep that bubbfe 
pUlsation has ceased, plumes will be formed. 
_If an explosion takes place deep enough 


fo~ble pulsations to have ceased before the 
bubble reaches the surface, plumes caused by 
the upwelling of the water (and any uncon- 
densed vapor or gas) may occur. 
_ 
Upon subsidence of the column and 


:r~ from an underwater explosion. a misty. 
generally highly radioactive, "doughnut-shaped 
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ring" or series of rings, the "base surge" may be 
formed. In the few instances in which base surge 
fonnation has been observed over water, the 
visible configuration bas been quite irregular. 
Nevertheless, to a good apprOximation, the base 
surge can be represented as a hollow cylinder 
with the inner diameter about two-thirds of the 
outer diameter. The heights of the visible base 
surge clouds have generally ranged between 
1,000 and 2,000 feet. 
• 
The necessary conditions for the forma- 


tion of a base surge have not been deimitely 
established, although it is reasonably certain that 
no base surge would accompany bursts at great 
depths. The underwater test shots upon which 
the present analysis is based have all created 
both a visible and an invisible (see below) base 
surge. The only marked difference between the' 
phenomena at the various tests is that at Bikini 
BAKER there was an airborne cloud, evidentl}' 
composed of ilSsion debris and steam. The other 
shots. which were at somewhat greater depths. 
produced no such cloud. The whole of the 
plume fell back into the surface of the water 
where the low-lying base surge cloud was formed. 


, • 
From the weapons effects standpoint, 
the unportance of the base surge lies in the fact 
that it is likely to be highly radioactive because 
of the ilSsion (and other) residues present either 
at its inception, or dropped into it from the ra- 
dioactive cloud. Because of its radioactivity, it 
may represent a serious hazard for a distance of 
several miles, especially in the downwind direc- 
tion. The ilSsion debris is suspended in the form 
of very small particles that occupy the same 
volume as the visible base surge at early times, 
that is" within the lust 3 or 4 mi.,utes. However, 
when the smaD water droplets which make the 
base surge visible evaporate and disappear, the 
radioactive particles and gases remain in the air 
and continue to move outwards as an invisible 
racUoactive base surge. There may well be some 
faDout or rainout on the surface of the water (or 


-. 


,- 


• 
ship or shore station) from the :radioactive base 
surge, but in many cases it is expected to pass 
over without depositing any debris. Thus, ac- 
cording to circumstances, there mayor may not 
be radioactive contamination on the surfaces of 
objects in the vicinity of an underwater nuclear 
burst . 
• 
The radioactive base surge continues t" 


t;; ......... uJ ill the same manner as would have been 
expected had it remained visible. It drifts down- 
wind either as an invisible, doughnut-shaped 
cloud. or as several such possibly concentric 
clouds that approximate a low-lying disc with no 
hole in the center. The latter shape is more prob- 
able for deeper bursts. The length of time this 
base surge remains ~dioactive will depend on 
the energy yield of the explosion, the burst 
depth. and the nearness of the sea bottom to the 
point of burst. In addition, weather conditions 
will control depletion of debris due to rainout 
and diffusion by atmospheric winds. As a gen- 
eral rule, it is expected that there will be a con- 
siderable hazard from the radioactive base surge 
within the fu-st 5 to 10 minutes after an under- 
water explosion and a decreasing hazard for half 
a:t hour or more. 
• 
After dissipation of the visible base 
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surge, the water surface around the explosion is 
seen to be white. This area (the "foam patch") 
results from the upward motion of the water 
and uncondensed explosion products in the 
vicinity of the bubble. their spreading over the 
surface of the patch, and their downward mo- 
tion at the edge of the patch. In its later stages, 
this area is marked mainly by a ring of foam and 
debris that shows where downward circulation 
has taken place. 
1-40 Thermal and Nuclear Radiation • 
.. 
Thermal radiation and initial nuclear 


ra=on effects are considered to be insignifi- 
cant for underwater bursts, except for the radio- 
activity accompanying the base surge (paragraph 
1-39). Residual nuclear radiation effects (fall- 
out) will approximate those of a ground surface 
burst if the explosion occurs in shallow water. 


1-41 
Electroma9netic Pulse _ 


- 
The degree to which an electromagnetic 


p~s generated by an underwater burst is not 
known, but it is expected to be insignificant ex- 
cept for very shallow bursts. In such cases, it is 
believed that a diminishing effect above the sur- 
face, approximating that described for a shallow 
underground burst, will result. 
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Chapter 2 


BLAST AND SHOCK ,PHENOMENA 
II IN'(RODUCTION II 


• 
Most of the physical damage to materiai 
that is caused by nuclear explosions near the 
earth's surface results from the blast and shock 
phenomena or from the thermal radiation phe- 
nomena associated with such explosions. This 
chapter describes the blast and shor,k phenome- 
na, while the thermal radiation phenomena are 
described in Chapter 3. 
. 
_ 
Damage to structures or materiel from 


blarand shock depends upon the location of 
the explosion (air burst, surface burst, subsur- 
face burst), and the location of the structure or 


m~~eriel (in the air, on or under the surface of 
the earth, or on or under a water surface). Ac- 
cordingly, this chapter is divided into four sec- 
tions. Section 1 describes the air blast phenome- 
na from air and surface bursts. Section II deals 
with cratering phenomena and the associated 
problems of ejecta. Section 111 describes ground 
shock phenomena from near surface and subsur- 
face (ground) explosions. Section IV describes 
the phenomena associated with underwater ex- 
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SECI'ION I 
1111 AIR BLAST PHENOMENA II 


• 
The shock wave that propagates through 


air as a consequence of a nuclear explosion is 
commonly refened to as a blast wave. The de- 
structive ~ffect!J of a blast wave are produced by 
its overpressure and its dynamic pressure, both 
expressed in pounds per square inch (psi), Over- 
pressure, Apt is the amount by which the static 
'Pressure in the blast" waye.exceeds the ambient 


pressure. Dynamic pressure. q. is associated with 
the mass motion of air in the blast wave. It is 
approximately equal to the pressure that this 
strong wind develops when it hits a stationary 
object. Dynamic pressure is dermtd more com~ 
pwetet in paragraph 2-8. 
, When an ideal blast wave passes a given 


porn • the rU'St disturbance that is felt coincides 
with the arrival of the shock front, a discontin- 
uity at which both overpressure and dynamic 
prefiSure rise abruptly to their peak values, as 
illustrated at point B in Figure 2-1. The over- 
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Figure 2-1. _Ideal PrtISSUre-Tlme Relationships 


for • Slut Wave in the Low Pressure 
Region Cbelow 6 psll II 


pressure then follows an approximately expo- 
nential decline to a negative value, i.e., to a pres- 
sure below t'mbient, and gradually returns to 
zero. The phase that is above ambient pressure 
(between points B and C) is tenned the p('tsitive 
phase; the phase that is below ambient pressure 


• 


" 
• 
must be assumed for possible military 
en~ 
counters. 


2·1 
Interpretetlon of Reliability 
Stiltements • 
• 
The reliability statement that accompa- 
nies each set of blast-wave data in this chapter is, 
when possible, based on the width of the band 
that contains 90 percent of all data points. In 
the example given above (free air overpressure), 
there are many data points. and the width of 


th~~ t-a':1d may be established readiJy. In other 
cases, the reliability statements must be based 
on judgment. This is necessary when the data are 
too few to indicate the amount of scatter clear- 
ly. when large systematic errors are suspected, 
and when curves are obtained from theory and 
Jack the support of experimental data. 


2·2 
Errors Due to Yield Scaling III 
--- -Yield scaling is sufficiently accurate 


~rrors 
intrt)duced are, in most air blast 
problems, masked by uncertainties in the experi- 
mental data. The exact amount of error attribut- 
able to yield scaling is unknown, but it is esti- 


. A 
mated to be a few percent. 
are 


{~ 


ina laws for yields to about 10 megatons (Mt), 
and scaling to 20 Mt is considered a reasonable 
extrapolation of available. data. However, there 
is reason to question whether the scaling laws 
maintain their accuracy for still larger yields. 
Since the fueball of a 20 Mt burst is over a mile 
In .diameter, nonuniformity of the atmosphere ~ 
a sufficiently larse factor to modify develop- 


ment of both the fueball and the blast wave, as 
will be described in subsequent parElgraphs. This 
modification may cause significant deviations 
from the scaling laws. The sealing laws may be 
applied to yields less than 1 kt or more than 20 
},ft, but the additional uncertainties involved 
should be recognized. 


2-3 
Errors Due to Altitude Scaling • 


- 
Altitude scaling is less accurate than 
yir 
scaling, and the problem becomes signifi- 


cant at altitudes above about 40,000 feet. Below 
40,000 feet, available data are not adequate to 
establish the magnitude of errors introduced by 
altitude scaling. but they indicate that these 
errors are probably small. Above 40,000 feet, 
where scaling errors become fairly large. the 
overpreSSUh': and dynamic pressure waveforms 
depart from the predicted values more than 
other condition~ at the shock front. 


2-4 
Errors at Long Ranges til 
_ 
As mentioned previousJy. a nonuniform 


atmosphere can distort the blast wave. Varia- 
tions of wind velocity or of temperature with 
altitude can produce focusing effects by cban- 
neling more energy in one direction at the ex- 
pense of energy propagating in another direc- 
tion. This effeot is most pronounced at long 
ranges. It is the principal reason for assi&nins a 
wider tolerance to overpressure data below 1/2 
psi (paragraph 2-24). 


2·5 EfflCtS of a. Earth-, SurflG8 • 
• 
Since the earth is not a perfect reflector, 


blast waves interacting with its surface cannot be 
predicted as dependably as blast waves in free 
space. The reliability of blast-wave data at the 
surface is 4iscussed In P8J'8lf8pb 2-23. 


2-6 Effect of Wupon a...cwiltict • 


different intensity than the scaling laws predict 
(see paragraph 244). 


' 


BLAST WAVE CALCULATIONS 
I 
FREE AIR II 
11 The physica1 characteristics of the blast 
wave change as a function of time and distance 
8S the blast wave moves out from the explosion. 
In a homogeneous atmosphere, where no bound- 
aries or surfaces are present. these changes take 
place in a definite manner as a result of spherical 
·divergence and irreversible energy losses to the 
air. The shock front peak overpressure and other 
shock wave parameters, such as velocity t that 
depend on the overpressure decrease with in- 
creasing distance. and tire shock strength is 


.. --attenuated with distance. 


2·7 Peak Overpressure. 
• 
The curve for free-air peak overpressure 
in a standard sea-level atmosphere is shown in 
Figure 2-2 as a function of distance from a 1 kt 
explosion. This curve can be used directly to 
predict incident overpressures from air bursts up 
to about 5,000 feet height of burst. The curve 
also may be used to predict incident overpres~ 
sures for heights of burst up to 40,000 feet by 
usins the altitude scaling procedure described in 
the following subsection. The curve may also be 
used to predict incident overpressures for 
heights of burst above 40.000 feet by using a 
reduced effective blast yield obtained from Fi,· 
ure 2-64. 


• 
Figure 2-3 shows a family of free air 
ov rpressure curves as a function of slant range 
for selected yields between 0.001 kt and 1.000 
Mt. This figure eliminates the requirement for 
yield scaling. so it is more convenient to use for 
selected yields at heights of. burst below 5,000 
feet. For other yields and for hi,gher burst 
heights. the curve in Figure 2-2 provides more 
accurate data for scaling. 


2.;8 
Peak Dynamic Pressure • 
• 
Dynar.lic pressures cause stationary tar- 


gets to experience drag forces associated with 
the high-velocity winds that follow the shock 
front. In an ideal blast wave, dynamic pressure 
rises abruptly at the shock front to its peak 
value and then diminishes as overpressure de- 
creases. Because of this decay behind the shock 
front, these strong gusts of wind cannot be com- 
pared directly with steady winds of the same 
velocity. During the negative overpressure phase. 
the transient winds reverse and blow at reduced 
velocities; the resulting values of dynamic pres- 
sure are small and act in the opposite direction. 
As a result of the momentum of 8U' in motion, 
the positive dynamic pressure phase lasts slightly 
longer than the positive overpressure phase • 
II The dynamic pressurt! is proportional to 
the square of the wind velocity and to the den- 
sity of the air behind the shock front as follows 


q =tpl u2 


where q is the dynamic pressure, PI is the den- 
sity of the air behind the shock front. and u is 
the particle (wind) velocity behind the shock 
front. These latter two quantities may be related 
to the overpressure under ideal conditions by 


. equations that wU1 be given in the succeeding 


subsection (paragraphs 2-15 and 2-17). 


• 
Peak dynamic pressure is shown as a 


function of distance from a I kt free air explo-' 
sion in a standard sea level atmosphere in Figure 
2-4. .. 
DynamiC preaure. and overpre~l1rc are 
co=~red separately not onty because they 
have different origins. but lito because they 1e4 
act differently with the tarpt. For example, a 
telephone pole is not particululy sensitive to 
overpressure; but a dynamic pressure of the 
order of 1 psi is sufficient to break it.· 
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2-9 Time of Arrlva. II 
• 
At breakaway (i.e. t the instant that the 
shock front moves beyond the fireball) the 
shock front from a sea-level burst has a velocity 
of approximately seven times the velocity of 
sound. Shock front velocity decreases as peak 
overpressure decreases; it approaches the veloc- 
ity of sound as peak overpressure approaches 
zero. The time of arrival of the shock front is 
shown as a function of distance from a 1 kt free 
air explosion in a homogeneous sea level atmo- 
sphere in Figure 2-5. 


2· 10 Duration of the Positive 
Phases of Overpressure 
and Dynamic Pressure II 
II As illustrated in Figu~ 2-1, both t~e 


overpressure and the dynamiC pressure nse 
rapidly'to peak values, decay to negative values, 
and finally return to zero. It is during the posi- 
tive phase of the overpressure and/or the dynam~ 
it pressure that most of the physical damage is; 
caused to structuzes, materiel, or personnel. The' 
positive phase durations of the overpressure 
pulse (1;) and the dynamic pressure (t;) are 
shown in Figure 2·6 as a function of distance 
from a ] kt free air explosion in a homogeneous 
sea level atmosphere. 


2· 11 
Impulse II 
II The ideal parameter for specifying the 


.tul.\oli,)j,ly of a blast wave would be one that has a 
simple definition and that relates directly to 
damage potential. Peak overpressure serves this 
function approximately for many applications. 
Impulse, wl-Jch combines the effects of pressure 
and duration, is another of the parameters that 
approaches this ideal for some types of targets. 
til Impulse may be defmed as the product 
of the average pressure and thl'! time during 
which the pressure acts. Mathematically t the 


positive-phase overpressure impulse I, is defined 
as 


pti- 


1'1} = r II ApftJdt. 
J,_o 


Negative-phase impulse is similarly defined in 
terms of the underpressure; it is usually less sig- 
nificant than the positive-phase impulse. For this 
reason, the term overpressure impulse is conven- 
tionally interpreted to mean positive phase over- 
pressure impulse • 
... Dynamic pressure impulse is similarly 
de= as the time integral 


.... Figure 2·7 shows positive overpressure 
im=e as a function of range from a I kt free 
air burst in a standard sea level atmosphere. 
Comparison of Figures 2-2 and 2-7 shows that 
overpressure impulse falls off much less rapidly 
with distance than does peak overpressure. This 
is because the pressure pulse broadens (becomes 
more extended in time) as the peak overpressure 
declines. 
.. 
Figure 2-7 also shows 11 curve represent- 
in~namic pressure impulse. Near the burst. 
dynamic pressure impulse is limited by the rela- 
tively small volume of air enclosed by the shock 
front. This small amount of air can only sustain 
a strong wind for a short time interval; conse- 
quently, the dynamic: pressure pulse is very nar- 
row (sh011 duration) at short ranges. At scaled 
distances between 200 and 400 feet, the dura- 
tion of the dynamic pressure pulse decreases 
almost as rapidly as peak dynamic pressure in- 
creases with decreasing distance; as a resutt, 
dynamic pressure impulse remains nearly con- 
stant over this range of distances. 
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Problem 2-1. 
Calculation of Free Air Peak everpreuu" 


... Figure 2-2 shows the peak overpressure 


as~nction of slant range from a i kt explo- 
sion in a homogeneous sea level atmosphere at 
heights of burst up to about S,OOO feet. For 
higher burst heights, this figure may be used to- 
gether with the altitude scaling procedures de- 
scribed in paragraph 2-14 and illustrated in prob- 
lem 2-6. Figure 2-2 only applies to free air over- 
pressure. Overpressures at the surface should be 
obtained from the subsection "BLAST WAVE 
PlaOMENA AT THE SURF ACE." 
111 Scaling. For yields other than 1 kt, the 
distance for any specified overpressure is 


..sL = •• ,113 
d 
", 
1 


where d1 is the distance from th~ explosion ob- 
tained from Figure 2-2 for 1 kt, and d is the 
corresponding distance for a yield of W kt. 


'~, Example .. 


Given: A 5 k~osion at 4,000 feet, 
Find: The coaltitude distance to which 7 
psi overpressure will extend. 
Solution: From Figure 2-2, an overpressure 


... f -: t''': "" :11 ~).tend to I ,000 feetfor explosions 
below about S,OOO feet. 


Answer: The corresponding distance for a 5 
kt weapon is 


d = d1 X w1l3 = 1.000 :'l( (5)"3 = 1.710 feet. 


~ 


eliabilitY II· 
The curve showr. in Figure 2-2 is a 
theore lCa1 curve that agrees well with experi- 
menta] data. For scaled ranges up to 1,000 feet 
(overpressures greater than 7 psi at sea level) the 
values of peak overpressure obtained from the 
curve are estimated to be within ± 1 S percent of 
the overpressure that a given nuclear burst will 
produce. This portion of the overpressure- 
distance curve has been verified by analyses of 
data obtainet! by high..speed photography. 
.. 
For scaled distances greater than 


1.OO~t (overpressures below 7 psi) the values 
of peak overpressure obtained from the curve 
are estimated to be within :1:30 percent the over- 
pressures that a given burst will prodl1ce. This 
portie>n of the curve is based on theore ieal cal- 
culations that agree closely with the empirical 
curve in the high overpressure region. The exper- 
imental data for this portion of the curve consist 
of both airborne pressure gages (either in para- 
chuted canisters or aircraft in flight) and pres- 
sure gages mounted on towers above the ground. 
Since atmospheric effects (see paragraph 2-16) 
influence overpressures strongly, greater scatter 
is found in the data on both sides of the curve in 


t~rl.igion. 
... Related Material: See paragraph 2-7. See 
also paragraph 2-14 through 2-1 S and Problem 
2-6 for scaling to altitudes up to 40,000 feet. 
See paragraphs 2-42 through 2-44 for scaling 
above 40,000 feet. 
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Figure 2·2. III Peak Overpressure from • 1 kt Frn Air Burst 
In a Standard Sea Lavel Atmosphere II 
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Problem 2·2. 
Calculation of Free Air Peak Dynamic Pressure 
II Figure 2-4 shows the peak dynamic pres- 
sure as a function of slant range from a I kt 
explosion in a homogeneous sea If-leI atmo- 
sphere at heights of burst up to about 5,000 
feet. For higher burst heights, this fi2IJre may be 
used together with the altitude scaling proce- 
dures described in paragraph 2-] 4 and illustrated 
it'! problem 2·6. Figure 2-4 only applies to free 
air peak dynamic pressure. The horizontal com- 
ponent of the peak dynamic pressure at the sur- 
face should be obtai'ned from tbe subsection 
uBLAST WAVE PHENOMENA AT THE 
SURFACE," 
.. 
t'jgure 2..4 shows peak dynamic pressure 


wiftspect to ti stationary target. If the target 
velocity is appreciable compared to the peak 
particle velocity (wind) at the shock front. the 
procedures suggested in paragraph 2-J 5 should 
be used. 


• 
Scaling. For yields other than 1 kt, the 
distance for any specific peak dynamic pressure 
is 


..!L::: Wl/3 
d 
' 
1 


where d l is the distance from 'the explosion ob- 
tained from Fi8ur~ 2-4 for 1 kt. and d is the 
corresponding 
for a yield of W kt. 


_ 
Example 


. 
~/ven: A 
located at an altitude of 


" 


3,000 feet and is 2,600 feet from a 100 kt ex- 
plosion at the same altitude. 
Find: The peak dynamic pressure to which 


the target is expected to be exposed. 
Solution: The corresponding distance from 
a 1 kt free air explosion is 


d - 
d 
== 
2,600 
- 560 Ii t 
1 - 
W1/3 
(100)113 - 
ee . 


Answer: From FiSU":C; ;;-4, a peak dynamic 


p~"OSSUfe of 12 psi il> eXPf;..::ted to occur 560 feet 


rr~m a 1 kt free air explosion. This same peak 
dynamic pressure would be expected 2,600 feet 
from a 100 kt explosion. 


.aRelillbillty: Peak dynamic pressures ob- 
t81'=f' from this curve are estimated to be reli- 
able to :t 1 S percent for pressures greater than 2 
psi and to :20 percent for smaller pressures . 
These estimates of reliability apply to yields be- 
tween 1 k-:: and 20 Mt. Outside this range of 
yields, tb~ curve may be used with somewhat 
lel.iinfidence . 
.-. Related Material: See paragraph 2,,&. See 


also paragraphs 2-13 through 2·15 and Problem 
2-6 for scaling to altitudes up to 40,000 feet. 
See paragraphs 2-42 thr()\lgh 2-44 for scaling 
above 40,000 feet. See paragraph 2-25 for a dis- 
cussion of dynamic pressure along the surface of 
the earth. 
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Problem 2-3. 
calculation of Time of Arrival of 1he 


Shock Front from 8 Free Air Burst 
II Figure 2~S shows the time of arrival of 
the shock front from a 1 kt free air burst in a 
standard sea level atmosphere as a function of 
distance from the burst. Figure 2-5 applies to 
burst'i at altitudes up to 5,000 feet . 


• 
Scaling. For yields other than 1 kt. scale 


as 0 OW5: 


where t 1 is the time of arrival of the shock front 
at a distance d 1 from a 1 kt explosion. and t is 
the corresponding time at a distance d from a 
yield of W kt. At sealed distances greater than 
J ,500 feet Cd I > 1,500 feet). the blast wave 
travels only slightly faster than the speed of 
sound, and the time of arrival may be approxi- 
mated by 


d - 600 WIll 


t = 
1,116 
sec, 


where d is the distance of interest, in feet, from 
an explosion of yield W kt, and t is the time of 
arrival of the shock front at that distance. The 
rn1"ll:t::l1"lt 1,116 is the speed of sound in air at a 
temperature of S9°F (lSoC). The term 600 
WI/3 is a measure of the scaled distance from 
the burst beyond which the shock wav~ travels 
at approximately the speed of sound. The ap- 
proximation may be extended by noting that 
the speed of sound increases by about J percent 
for each lO"F rise from the standard 59°F (1.8 
percent for each lOoC rise from 15°C) and de- 
creases by the same percentage for correspond- 
ing temperature decreases below standard. 


II Example. 
Given: A 100· kt explosion in free air in a 
sea level atmosphere. 
Find: The time of arrival of the shock front 
at a point 40,000 feet from the explosion. 


Solution: The .corresponding distance from 
a I kt explosion is 


d 
- 
d 
- 40,000 - 8 600 &' t 
1 - 
Wl/3 - (100)4/3 -. 
lee. 


From Figure 2-5. the time of arrival of the shock 
front at a point 8,600 feet from a 1 kt explosion 
is 7.2 seconds. 


Answer: The corresponding time of arrival 
at a distance of 40,000 feet from a 1 00 kt explo- 
sion is 


t = t 1 wl/3 = 7.2 x (J 00)1/3 = 33.4 sec. 


Since dt is greater than 1,500 feet, an alternate 
method for obtaining the time of arrival would 
be to use the equation presented above: 


= d - 600 Wl/3 = 40,000 - (600)(100)113 


t 
1,116 
J,116 


= 33.3 sec. 
II 
Reliability: The times of arrival obtained 
from Figure 2-5 are estimated to be within :J:] S 
percent of the true value for yields between 1 kt 
and 20 Mt. The curve may be used with less 
confidence outside this range of yields. 
II 
Related Material: See paragraph 2-9. See 


also paragraph 2-14 for scaling of times of arrival 
for burst altitudes above 5,000 feet. Se!: para~ 
graph 2~26 for time of arrival of the shock front 
at points on the surface • 
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Problem 2-4. 
Cllculation of the Duration of the Positive Phase 
of the OverprOSlUre and Dynamic Pressure 
II Figure 2·6 shows the durations of the 


positive phase of tae overpressure and the dy· 
namic pressure as a function of distance from a 
1 kt free air explosion in a standard sea level 
atmosphere for heights of burst below 5,000 
feet. For higher burst heights, this figure may be 


u~f.'d together with the altitude scaling proce- 
dures described in paragraph 2-14. Figure 2-4 
only applies to free air bursts. Positive phase 
durations at the surface should be obtained from 
the subsection "BLAST WAVE PHENOMENA 
AT THE SURF ACE." 


• 


Scaling. For yields other than 1 kt, the 


POSI lye phase durations scale as follows: 


where ,+ 1 and t+ 1 are the positive phase dura- 
tions of the ove~ressure and the dynamic pres- 
sure, resp\,ctively. at a distance d 1 from a i kt 
explosion, .md t and t; are the corresponding 
podtive pha3e d~rations at a distance d from a 
yield of W kt. .. 
... Example IIiiiiiii 
~iven: A 500 kt explosion in free air in a 
standard sea level atmosphere. 
Find: The positive phase durations of the 
overpressure and the dynamic pressure at a point 
8,000 feet from the explo~ion. 
Solution: The corresponding distaiice from 
a 1 kt explosion is 


d 
= --IL = 8,000 
= 1,000 feet. 
I 
",113 
(500)1/3 


From Figure 2·6, the positive phase durations of 
the overpressure and the dynamic pressure at a 


distance of 1,000 feet from a 1 kt explosion are 


Answer: The corresponding durations at a 
distance of 8,000 feet from a SOO kt explosion 
are 
t; = 1;1 x Wl/3 = (0.22)(500)1/3 = 1.7 sec, 


t+ I::; t+ x Wl/3 = (0.30)(500)1/3 = 2.4 sec. 
q 
cal 
~ 


eliabilitY " 
Data for Ip are derived from theoret- 


ical ca culations that are supported by experi- 
mental data from bursts with yields between 1 
and SO kt. Over this range of yields, reliability is 
estimated to be ± 1 5 percent. Since the accuracy 
of scaling to larger yields has not been confmn- 
cd experimentally, reliability is estimated to be 
±30 percent for yields between SO kl and 20 Mt . 
The curve may be used, with somewhat less con- 
fidence. for yields below 1 kt and above 20 Mt . 


• 


Data for t; are derived from theoret- 
ical 
eulations, anil a few data points give 
limited experimental confmnation. The curve is 
estimated to be reliable within ::1:20 percent for 
yields between 1 and SO kt and within ::1:40 per- 
cent for yields between SO kt and 20 Mt. Out· 
side these ranges of yields, the curve may be 
used with somewhat less confidence. 
_ 
Related Material: See paragraph 2·10. 
SePlrso paragraph 2·12 for a discussion of wave- 
forms. See paragraph 2·27 for data concerning 
positive phase durations at the ground surface, 
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Problem 2·5. 
calculation of Impulu 
II Figure 2~ 7. shows the overpr~ssU1e a~d 


dynam~c pressure Impulse as a function of dis- 
tance from a 1 kt free air explosion in a standard 
sea level atmosphere for heights of burst below 
about 5,000 feet. For higher burst heights, this 
figure may be used together with the altitude 
scaling procedures described in paragraph 2-14. 
FIgure 2-5 applies only to free air bursts. Posi· 
tive phase overpressure impulse should be ob- 
tained 'rom the subsection "BLAST WAVE 
PHENOMENA AT THE SURFACE," 


• 


Scaling. For yields other than I kt, the 


ave ressure impulse and dynamic pressure im- 
pulse scale as follows: 


-L = WII3 = dd 
II 
1 


where / \ is either the, overpressure i~pulse or 
f.hl! dynamic pressure Impulse at a dIstance d 1 
fron.. a 1 kt explosion, and I and d are the cor- 
responding values of impulse and distance from 
ailofWkt. II 
Example 
iven: A 40 
t explosion in free air in a 
standard sea level atmosphere. 


Find: The positive phase overpressure and 
dynamic pressure impulses r.t a distance of 4,400 
r' •• 


Solution: The corre~ponding distance from 
a I kt explosion is 


d =..L = 4,400 = 600 feet. 


1 
Wl/3 
(400)1/3 


From Figure 2-7. the o\'el'pressure and dynamic 
pressures at a distance of 600 feet from a 1 kt 
explosion are 


IPI = 8.S psi-sP.c. 


Iql = 4.4 psi-sec. 


Answer: The corresponding impulses at a 
distance of 4,400 feet from a 400 kt explosion 
are 


I = 1 
X WI/3 c (8.S)(400)1/l :: 62 psi-sec. 
p 
pi 


I = I 
x W1l3 == (4.4)(400)113 = 32 psi-sec. 
q 
ql 
.. 
Reliability: Conventional practice and 


av~i1ity of data have favored the use of peak 
overpressure rather than overpressure impulse 
for blast wave calculations. Consequently, there 
have been few impulse measurements, and reli- 
able experimental data have not been obtained. 
The impulse curves were obtained theoreticalJy. 
The overpressure impulse data were obtained 
from computer code calculations (problem M. 
DASA 1200, see bibliography). Values for 
dynamic pressure impulse were calculated from 
the relations of effective triangular duration de- 
scribed in paragrapb 2-12. Overpressure impulse 
as shown in Figure 2-7 is estimated to be reliable 
within :t20 percent. No reliability estimate can 
be assigned to the dynamic pressure impulse 
curve. A portion of the latter curve is broken to 
indicate that measurement of waveform area is 
less accurate at short ranges. 
... Reloted Materilll: See paragraph 2-J 1. 
SePl'so paragraphs 2·13 through 2-15 for scal- 
ing to altitudes up to 40,000 feet. See paragraph 
2·28 for a discussion of positive phase overpres- 
sure impulse along the surface of the earth. 
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Figuro 2-7. , 
Overpressure and Dynamic Pressure ImpulH from 1 let 


Free 
ir ~urst in • Standard St. Level Atmosphere • 
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2·12 Waveforms II 
If A Damage inflicted to a target by a blast 


wave generally is a complex function of peak 
overpressure, peak dynamic pressure, pulse dura- 
tions, and structural response characteristics of 
the target. UsuaUy, all details of the method by 
which a target interacts with a blast wave are not 
ide,ntified, The strength of the blast wave that 
will damage the target generally is specified in 
terms of a pair of parameters. For example. 
weapon yield and peak overpressure, distance 
and peak overpressure, or peak overpressure and 
Jlositive-phase duration ate, for an ideal blast 
w"ve, adequate to specify ufliquely all properties 
of the blast wav~. If a blast wave, so defined. is 
found by experiment to damage a certain target, 
further analysis of the interaction usually is not 
necessary. 


• 


This discussion of waveforms and the 


prece ing discussion of impulse are not included 
so much to provide a basis for calculations as to 
provide an understanding of blast wave phe- 
nomena. 
til At a given point in space, the rate of 


decay of overpressure after the shock front 
passes depends on the peak overpressure. Over- 
pressure waveforms are shown in Figure 2·8 in 
terms of normalized coordinates. The overpres- 
sure at a given time is expressed as a fraction of 
peak overpressure, and time is expressed as a 
fnnl'tion of positive phase duration. These nor- 
malized variables are IIp(O/1lp and tIt;. where 
Ap(r) and t are instantaneous values of overpres<- 
sure and time, Ap is peak overpressure. ~nd t; is 
the positive phase duration of the overPressure. 
Similarly, dynamic pressure waveforms are 
shown in Figure 2·9 in terms of the normalized 
variables for dynamic pressure, q(tJ/q. where 
q(tJ is the instantaneous value of dynamic pres- 
sure and q is the peak value, anp normalized 
time tit: . Note that. since dynamic pressure dur- 
ation is longer than overpressure duration, Fig- 


ures 2-8 and 2-9 do not have a common time 


Both sets of waveforms show that close 
ba" 
,to 
e burst, where peak pressures are high, the 
pressure drops rapidly from its peak value. At 
greater distances and lower peak pressurelt, the 
drop in paessure is slower. and the waveform is 
much broader. This broadening of the pressure 
puise with distance has more influence on effec- 
tive pulse duration than changes in t; and t; 
have. At any specified distance, dynamic p;es- 
sure decays more rapidly than overpressure for a 
givJln ield. 


For low values of peak overp~"essure and 
pea dynamic plessure, the \'Briation of pressure 
with time behind the shock front may be ap- 
proximated by the equations 


-t/t+ 
Ap(t} ;: 1lpf1 - t/t;Je 
P 


2 -2t/t+ 
q(t) ;: q(] - tit;) eli. 
II 
These equations correspond most nearly 
to the 7.S psi overpressure curve and the 7.S psi 
dynamic pressure curve. They may be used with 
reasonable accuracy for peak pressures of 0 to 


In damhge estimates, i1 is frequently use- 
25Ji 


fu 
approximate the actual shock wavefonn 


by the equivalent triangular waveform, which is 
defined as one that has the same peak amplitude 
and the same area as the actual wavefonn, but 
has a trianguJar shape and a shorter time dura- 
tion than the actut.] waveform. Since the equiva- 
lent triangular waveform has the same area as 
the actual waveform, it represents the same im- 
pulse. The time duration of this equivalent wave· 
form is obtained by multiplying actual time dur- 
ation by the triangular duration correction 
factcr Ct t which is shown in Figure 2-10 sepa- 
rately for overpressure and dynamic pressure • 
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Figure 2·8. II Positive O.verpressure Waveforms for an ldell Shock W~e 


in a Standard Sea Leve' Atmosphere II 
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Figure 2-9. " 
Positive Dynamll: Pressure WlVtforms for In Ideal Shock WIVe 


in I Standlrd Sea Level, Atmosphere II 
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• 
The time duration of the eq'JivaJent waveform is 
caUed the effective triangular duration of the 
pressure pulse. t 4' where . 


for overpressure and dynamic pressure. respec- 


tiv~lv . 
.. 
The curves shown in Figures 2-8 and 2-9 
are"'sed on theory. and specific estimates of 
the arnount by which actual blast waveforms can 
be expected to deviate from these curves cannot 
be made. The effective triangular waveform ob- 
tained by use of the triangular duration correc- 
tion factors shown in Figure 2 .. 10 are simplified 
rClpresentations of the actual waveforms. These 
tri,angular waveforms do not represent structural 
loading functions. The latter are described in Sec- 
tion II, Chapter 9. and speci.fic loading functions 
used in some of the structural damage analyses 
far this manual are shown in Figure 11·1. 
II RELATIONS BETWEEN SHOCK 
FRONT PARAMETERS II 


2·13 Generalized Scaling • 
• 
The concept of seaUng various blast 


wave parameters was introduced in the preced- 
ing subsection with reference to the correspond .. 
ing parameter from a ] kt explosion in a stan· 


.:!~. j sea level atmosphere. The various curves 
were presented in terms of absolute values of 
distance, time, or impulse from a 1 kt explosion 
in free air in a standard sea level atmosphere. 
This convention of presenting the data "in tenns 
of a J kt explosion with scaling laws to relate 
the parameters to other yields win be adhered to 
in ~\lbsequent sections of this cbapter as well as 
in succeeding chapters; however. the scaling laws 
are not necessarily limited to sca1ina from I kt. 
The "Sachs" scaling laws, which pertain to scal· 
ing of blast parameters. depend only on the felaw 


tive yields of two weapons being considered. 
Thus, the distance scaling law liven in Problems 
2·1 and 2-2 could be written 


when~ d'J. is the slant range (distance from the 
point of burst) from an explosion of IV 2 kilo- 
tons and d. is the corresponding distance from 
an explosion of WI kilotons. Likewise, the time 
and impulse scaling laws given in Problems 2-3 
throuab 2·5 cou2d be written 


.2 = (W2 )1/3 . 
'I 
WI 


and 


where, in each case the subscript 2 refers to the 
value of the parameter for yield IV" kt, and the 
SUb1cript 1 refers to the value of the same pa- 
rameter for a yield of WI kt. As mentioned 
above, WI willacnerally be taken to equal 1 kt 
as a matter of convenience in this manual. 
. 


• 
The scaling laws are derived from the 
assumption that, at corresponding stages of ~e­ 
velopment. the firebal1s from two different nu- 
clear explosions have the same eneray per unit 
mass of air at points that are the same scaled 
'distance from the point of burst. It is also as- 
sumed that, as the blast waves propapte out .. 
ward from the fireballs, they maintain this prop- 
erty of equal enellY densities at equal scaled 
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radii. The blast waves produced by two different 
nuclear explosions are thus assumed to be simi- 
lar in aU respects except for those relating to 


• 
differences in size. ~ince. at a particular stage of 
development, tile average energy densities 
throughout the two fueballs are equal, fireball 
volume is directly proportional to the amount of 
energy required to produce it; therefore, fireball 
radius is proportional to the cube root of the 
nudear yieJd. Other pertinent distances, such as 
shock front radius, also follow this cube root 
scaling law. 


2·'4' Altitude Scaling II 
III At higher a!titudes, where air density is 
less than at sea level, the reasoning described 
above stm app1ies. At equal scaled distances and 
.' --6orresponding times, equal masses of air contain 
equal amounts of energy. Therefore, the volume 
of a sphere needed to contain a given amount of 
energy in this manner is larger at higher altitudes 
where the air is thinner. Specifically, this volume 
is inversely proportional to air density; and cor- 
responding radii are inversely proportional to 
the cube root of air density. However. better 
results are obtained by scaling distance with the 
cube root of the ambient pressure (up to alti- 
tudes of 40,000 feet)." The altitude scaling for 
distance is 


where Po is the sea level ambient pressure. P "is 
the ambient pressure at the &ltitude of interest, 
and the other quantities are as previously de- 
fined. 


• 


No pressure scaling factor is required for 


exp asions in a standard sea level atmosphere 
since the effect of yield is taken into account by 
distance scaling, and, under similar ambient con- 
ditions. the pressures generated by explosions of 
different yields are equal at scaled distances. 
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When altitude must be considered, equal "shock 
strengths" occur at equal scaled distances. The 
term shock strength means the ratio of the ab- 
solute pressure behind the front to the ambient 
pressure. i.e., the mock strength, tis, 


r:Ap+P=Ap+l 
~ 
p 
p 
, 


which is a dimensionless quantity. At equal sca)- 
ed distances, 


where t is the shock s!rength at the altitude of 
interest and fo is the shock strength at the same 
scaled distance at sea level. This may be written 


which leads to 


1:2. = Ap'o~ 
P 
p' 
o 


~e 
reasons for dismissln, dens:\ty in favor of pressure as a 
basis for Cltlculatina tbe altitude aling factor for dbtlnoe may 
be described as foUowl.ln the early f"KebaU reaton, where energy 
absorbed from til, weapon completely owrlhadows any effect 
of initial air temperature. it wo'llld be expected that th6 only 
tmportaut queltion II the number of air atoms ptetent. In this 
Jqion, density ICIliJIa lIappropnate. Examplei of equations that 
are ba!led on density ICIlinI are liven in PatlFlpb 2-44: bow- 
ever. the tltuation i. different over mOlt of the rqe throqh 
whicb the blast WlIVII propaptea. SIIock.(ront puameters cor· 
respond more directly to the pre$IUH ratio aoro .. the thoclt 
Cront than to the delUlty ratio. After the aIIock front reames air 
Dot 4irectly heated by the nuclear IOvce, pteMUl1 ratio proWles 
the better basis for alin&. 1be comspondiq enefl)' model for 
Sachs' ICIlinIlawl II that two free air blast WlIves arc equivalent 
when the ratio: 


eneqy enclolCld by the ahoct front 


am~b~ien~t~lft~mnai eneqy of the air encJoIed by the front 


II the lime for both blat wave .. 11da model may be derived by 
notina that the preMW'e of an Ideal ... II proportional to internal 
0MlJY pel unit volume • 


\ 
. 
' 
~~ 
. ~ 


\ 
• 
"I":., 


o 


II 
and the altitude scaling for pressure is 


~- P 
Aii; - -p;;' 


where Ap is tbe overpressure at the altitud~ of 
interest, Ap 0 is the overpressure at the same 
scaled distance at sea Jevel. and P and Po are the 
corresponding ambient pressures. This same rela- 
tion holds for otll.er characteristic pressures, 
such as the t(ltat pressure behind the shock front 
and the dynamic pressure . 
.. 
Two factOl'li influence time of arrival: 


th~ed of t.ne bla!;t wave and the distance that 
it must trave). Und.er standard sea level condi- 
tions, the spf:t~d of the blast wave depends on 
overpressure, which, in turn, depends only on 
scaJed distance from the burst. When the scaling 
problem is not limited to the case of a sea level 
atmosphere. the assumed relation between shock 
speed and overpressure must be stated in more 
general terms: f,or a given shock strength (and 
hence for a given scaled distance), t"~ Mach 
number of the silock front is always the same. 
As altitude is increased, the time required for 
the shock to ree.::h a siven scaled distance in- 
cre,lseS because (1) tr.e actual distance is farther 
and (2) at the lower temperatures generally asso- 
ciated with higher altitudes, sound speed is slow· 
er (therefore, a given Mach number concsponds 
to a slower shock front speed). The altitude seal- 


~~~ f~~ t5rn.e is 


:: =(~:r (~)'" (~r 


where To is the absolute temperature at sea level 
and T is the absolute temperature at the altitude 
of interest. The factor To I/2/T1/2 appears in 
this expression because sound sPeed is propor- 
tional to the square reJot of abSOlute tempera- 
ture. The factors involVing yield and pressure are 
those in scaling distance. The same scaling rela- 


tionships may be used for scaling the positive 
duration of the overpressure . 


• 
]11e altitude scaling for impulse may be 


oli .. ' ed by multiplying the scaling equation for 
time by the scaling equation for pressure, i.e., 


ll~ -= 1!!:..2 \1/3 (.L\2Jl /To)1/2 
II \W1 ) 
"Po} \T . 
II 
In the foregoing scaling relations, the 
subscript 0 was defmed to represent ambient 
conditions (pressure or absolute temperature) at 


SC'.a level. Strictly speaking this is not necessal')', 
since the ratios of the values are the important 
quantities. However. since these equations are 
for use with the curves presented in the previous 
subsection, which are all shown for standard sea 
level conditions. it is convenient to scale from 
those condition!>. In order to facilitate calcula- 
tions based on the preceding equations, the fol- 
lowing factors have been defined and are tabu- 
lated in Tables 2-1 and 2-2: 


S. = (;)'" 


S =1- 
p 
Po 


(!£)1/3 (To)1I2 
Sa :: PT' 


SO that if, as usual, JV 1 is taken to be 1 kt, the 
equations may be shown in an abbreviated f!)rm 
as follows: 


d = d1 Wl/3Sd 


4p l1l\I ApeSp 


q .. qoSp 


t = 11 W1/3S, 


I = 11 W1I3SpSt • 


Table 2-1. II Oltl Sued on U.S. StlncMrd Atmosphere. 
1982 Enalilh Units II 


Att\tude h1.in& Factor. 
Density 
temperature 
Sound 
Altitude 
Temperature 
Pressure 
Ratio- 
Ratio 
Speed 
feet 
OF 
psi 
S, 
Sp 
St 
p/po 
T/To 
ft/Me 


n 
59.0 
14.696 
1.000 
1.0000 
• .000 
l.cooo 
1.000 
U16 


1 000 
~~S ... 
14.17 
1.012 
.9644 
I.oJ6 
.9711 
.,\993 
Ill3 
2000 
51.9 
13.66 
1.025 
.9298 
i,032 
9421 
.\'16 
lU19 
3000 
48.3 
13.17 
I.o:n 
.8963 
1.048 
.9151 
1179 
nos 
.. 000 
+4.7 
12.69 
}.O50 
.8637 
IJX-5 
.usl 
!J73 
ltOI 
S 000 
41.2 
12.23 
l.06l 
.8321 
1.082 
.8617 
.966 
1097 
10000 
23.4 
10.11 
1.133 
.6878 
!.I 14 
.7386 
.931 
1077 
15000 
5.5 
8.297 
l.210 
.5646 
1.278 
.6295 
1a1 
10S7 
20 000 
-12.3 
6.759 
1.29S 
AS99 
U9S 
.5332 
.863 
1037 
25000 
.. 30.0 
SA61 
1.391 
.3716 
l.S28 
.4486 
.828 
1016 
30000 
-47.8 
".373 
1.498 
.2975 
1.681 
.3'747 
'19A 
995 
35000 
-65.6 
3.46fj 
I.6J8 
.2360 
1.857 
.31(16 
,7'\0 
973 


40 000 
-69.7 
2.730 
1.753 
.18S8 
2.021 
.247. 
:( l 
968 
4S 000 
-69.7 
2.149 
1.398 
.1462 
2.189 
.1945 
.752 
968 
SO 000 
-69.7 
1.692 
2.056 
.1lSl 
2.371 
.1531 
.752 
968 
S5000 
-69.7 
1.332 
2,-226 
.cJ9063 
2~67 
.1_ 
.152 
%8 
0 
«t 000 
-69.7 
1.049 
2.411 
.07137 
2.780 
J)9492 
.752 
968 
is 000 
-69.7 
.826 
2.611 
.05620 
3.oU 
.07.75 
.752 
968 
70000 
-67.4 
.651 
2.826 
.tl4429 
3.2S0 
.GS857 
.'156 
971 


75000 
-64.7 
.514 
3.058 
.oJ496 
3.$t)t 
.D4S9~ 
,762 
974 


80 000 
-62.0 
A06 
3.307 
.02765 
3.117 
.D3!i06 
.761 
978 
85000 
-59.3 
.322 
. 3.514 
.02190 
4.D68 
_:n 
.772 
981 


90 000 
-56.5 
.255 
3.861 
.01738 
4.3'79 
.G2236 
.m 
984 
95000 
-53.8 
.2034 4.168 
.01381 
4.711 
.enos 
.782 
988 


IOU UW 
-su 
.162 
4.491 
.01100 
SM7 
.01396 
.788 
991 
110000 
-41.3 
.103 
5.225 
7.011-3 
5.817 
1.692-3 
.807 
1003 
1ao 000 
-26.1 
.0661 
6.D40 
$.531 
61JJJ1 
5..428 
.136 
• 1021 
130000 
-10.9 
.0438 
6.948 
2.tB2 
7..410 
3.446 
.16$ 
1038 
140 000 
4.3 
.G292 
1.953 
'11.988 
1.410 
2.222 
.194 
1056 
ISO 000 
19.4 
.0197 
9.G64 
1.343 
9.431 
1.4$4 
.924 
1013 


160 000 
215 
.0135 
10.29 
9.176-4 
10..62 
9.'7'7C).4 
.939 
1082 
110000 
21.5 
9.23-3 
11.68 
6.283 
12.05 
6.690 
.939 
1082 


180 000 
18.9 
6.31 
13.26 
4.292 .3. 
".~2 
.923 
1012 
190 000 
8.1 
4.27 
Ism 
2.908 
15.89 
3..m 
.902 
1060 
200 000 
.. 2.7 
2.17 
17.23 
1.954 
.1.36 
2.217 
.181 
1048 
.. 
MOtE: 7.oU-' _ 
1.011 • I~-' 


.p. • u ••• 0-1 ~t' 
• 'Iii 15 10-1 
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T.ble 2-2. II Oat. Based on U.S. Stand.rd Atmosphere, 
1862 Metric Units 111 


Pmaute 
Altitude SoIlliw F.cton 
DellSlt)' 
Temperature 
Sollnd 
Altitude 
Temperature 
Ratio- 
Ratio 
SjIted 
km 
·c 
mIilibill 
psi 
S4 
Sp 
St 
,,/po 
T/To 
mJ- 


D 
15.0 
1013.25 
14.696 
1.000 
1.0000 
1.000 
1.000 
1.000 
340.3 


.s 
11.8 
954.61 
13.845 
1.020 
.9421 
l.CJ26 
.953 
.989 
338.4 
1.0 
8.5 
898.16 
U.o35 
1.G41 
.8870 
1.053 
.907 
.977 
336.4 
J.5 
5.3 
845.60 
11.264 
1.062 
.8345 
1.081 
.164 
.966 
334.5 
2.0 
2.0 
79S.01 
U.531 
1.084 
.7846 
1.110 
.122 
.955 
332.5 


3.0 
-4.5 
701.21 
10.170 
1.131 
.6920 
1.171 
.742 
.931 
328.6 
4.0 
-11.0 
616.60 
a.S;43 
J.!80 
.6085 
1.237 
.669 
.910 
324.6 
S.O 
-11.5 
540.48 
7.839 
1.233 
.5334 
i.309 
.601 
.887 
320.5 


6.0 
-24.0 
472.18 
Ci.848 
1.290 
.4660 
1.387 
.539 
.865 
316.5 
7.0 
-30.4 
411.05 
5.962 
1.35) 
.4057 
1.472 
.482 
.842 
312.3 


8.0 
.. 36.9 
;:156.52 
5.ln 
1.416 
.3519 
U64 
~A29 
.820 
308.1 
9.0 
-43.4 
308.01 
4.467 
1.481 
.3040 
1..666 
.381 
.797 
303.8 


10 
-49.9 
265.00 
].843 
1.564 
.2615 
l.m 
.338 
.775 
2995 


12 
-56.5 
193.99 
2.814 
1.735 
.1915 
2.001 
.255 
.752 
295 ! 
14 
·$6.5 
141.70 
2.OS5 
1.927 
.1399 
2.222 
.186 
.152 
295.1 
16 
.56.5 
103,53 
1.502 
2.139 
.1022 
2.467 
.136 
.752 
295.1 
106 
-56.5 
75.65 
1.097 
2.375 
.07466 
2.739 
.D993 
.752 
295.1 


I·"'" 
20 
-56.S 
55.29 
.102 
2.636 
.05457 
3.D40 
.0726 
.751 
295.1 
\ 
, 
". 
22 
-54.6 
40.47 
.587 
2.925 
.03995 
3359 
.0527 
.759 
296.4 


24 
-52.6 
29.72 
.431 
3.243 
.D29l3 
3.706 
,0383 
.765 
297.7 


26 
-50.6 
21.88 
.311 
3.591 
.02160 
4.oa6 
AmIO 
.772 
299.1 
2& 
-48.6 
16.16 
.234 
3.973 
.01595 
4.soo 
mos 
.179 
300 .• 
30 
-46.6 
11.97 
.174 
4.391 
.01181 
4.952 
.0150 
.786 
301.7 
32 
....... 7 
8.39 
.J29 
4.848 
'.774-3 
5M5 
.0111 
.793 
303.0 
34 
-39A 
6.63 
.Q962 
5.345 
6.547 
5.935 
8.07-3 
.all 
306.5 


36 
-33.9 
4.99 
.0723 
S.880 
4.920 
6.452 
S.92 
.830 
310.1 
38 
-28.3 
3.77 
.0547 
6.453 
3.722 
7.000 4.38 
.850 
313.7 
40 
-22.8 
2.87 
.G416 
71J67 
2.834-3 
7.581 
3.26-3 
.869 
317.2 
.2 
-17.3 
2.20 
.0319 
7.723 
2.171 
•• 196 
2.44 
.188 
320.7 
44 
-n.? 
1.69 
.D246 
8.424 
1.673 
1.144 
1.84 
.907 
324.1 


46 
-6.2 
1.31 - 
.olgo 
9.111 
1.29f~ 
'.529 
1.40 
M6 
327.5 


48 
-2.5 
1.02 
.oJ~ 
9.968 
1.010 
10.29 
l,07 
.939 
329.8 
50 
.. 2.5 
:198 
.oil 6 
10.83 
'7.874-4 
lU? 
1.38-4 
.939 
329.8 


52 
-2.5 
.622 
.D0903 
11.76 
6.141 
12.14 
6.54 
.939 
329.8 
54 
·5.6 
• 485 
.00703 
12.7 • 
4.786 
13.27 
5.15 
.929 
327.9 


56 
-9.5 
.377 
.oos46 
13.91 
3.716 
.4.54 4. 
.915 
325.5 
58 
-13.5 
.291 
JJ0423 
15.15 
2.176 
1S.96 
3.1' 
.901 
323.1 
60 
-J7A 
.225 
.D0326 
16.52 
2.217-4 
17.54 
2.JO.4 
.188 
320.6 
• 
NOIE: 1.774-' _.1.114 II 10'" 
.p •• 1.115 " ur' "",.' .. U2S qJmJ. 
z-a 


• 
The use of other factors shown in Tables 2-1 and 
2-2 will be explained in succeeding paragraphs. 
Figure 2-11 shows a curve for each of the scaling 
factors as a function of altitude, and thus pre- 
sents the continuous variation of the scaling fac- 
tors rather than the variation with incremental 
steps in altitude as provided in Tables 2-1 and 
2-2. 


- 
Although Sd' Sp' and St are called alti- 


ture=:-caling factors, their use is not limited to 
correcting for differences in altitude. Even if a 
burst occurs at sea level. Sd and Sp are affected 
by barometric pressure variations (typicalJy 
these variations are is percent), and St is affect- 
ed by temperature variations. When experiment- 
aJ data are analyzed, the actua! pressure and 
temperature at the time of burst ordinarily are 
.. _Jcnown and may be used in r-alculating the scal- 


ing factors. On the other hand, predictions of 
nuclear effects often must be made without any 
knowledge of what the weather will be when the 
burst occurs. In this case, Sd'Sp' and St are usu- 
aUy based on handbook values of temperature 
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and pressure, which are functions of altitude 
only as shown in Tables 2-1 and 2-2 and in Fig- 
ure 2-1 L 
.. 
To this point, nothing has been said 


abr differences between burst altitude and 
target altitude. The c.xplanation has been pre- 
sented as though the blast wave were propagat- 
ing from burst to taraet through a uniform 
atmosphere. For many Jlroblems this assumption 
is essentially correct. but for long ranges the 
source and the target may be at entirely dif- 
ferent altitudes and the scaling factors may vary 
appreciably over the path traveled by the blast 
wave. When this complication arises the altitude 
scaling factors are calculated on the basis of tar- 
get altitude (i.e., for the altitude at the point in 
space where overpressure etc. are to be deter- 
mined) rather than on the basis of burst altitude. 
Basic physical concepts faii to eXlllain in a 
simple manner why this choice is made. This 
method, called "modified Sachs scaling," is used 
because it com-es closer to giving answers that 
agree with experimental data. 
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Problem 2·6. 
Ca'culation of Free Air Blast Parameters 
It Altrtud81 up to 40,000 Feet 
II 
The scaling factors presented in para· 
graph 2·14 may be used to scale the data from 
the f~u!'Ves for free air explosions in a sea level 
atmosphere presented in Figures 2-2 through 2·7 
to hi~r altitudes. As mentioned in the last 
paragraph of 2~ 14, the staling factors for the 
po:n! of interest (tnrget) are the factors to be 
used in making altitude corrections rather than 
the scaling factors for the burst altitude. These 
scaling factors apply to explosions or targets at 
a1titudes up to 40,000 feet. The effective blast 
yield is reduced for explosions above about 
40,000 feet, and. whlJe the aidtude scaling fac- 
tors still may be applied, the reduced yield J!lust 
be used in the scaling, as described in paragraph 


-~"'-4" 


- • 
Example II 
~iven: A 100 kt explosion at an altitude of 


20.000 feet. 
Find: The maximum altitude of a target 


directly below the explosion such that the target 
will not experience a peak overpressure exceed- 
ing 7 psi. and the peak dynamic pressure that 
the target might be expected to receive. 


Solution: Since the target altitude is un- 


known, and since the altitude scaling factors 
should be applied for the target altitude, an ap- 
proxImate solution is obtained f1l'st by using the 
low altitude distance scaling law. Froll! Figure 
2-2, an overpre:ssure of 7 psi will extend to 
1,000 feet for low altitu(le explosions. From tho! 
s\!lling provided in Problem 2-1, the correspond- 
in& distance from a 100 kt explosion is 


d·" d1 Wl/3 = 0,000)(100)1/3 = 4,640 feet. 


The apptoximate target altitude i$ 


20,000 - 4,460 11:"$ 15,400 feet. 


This target 21t~tude will be used to determine the 
altlt\)de s,;aliug factors. It may prove to be an 
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adequate basis for determining aJtitude scaling 
factors; if not, ~'UccePSive approximations must 
be used. From Table 2-1, 


Sp = 0.56. 


From the pressure scaling equation in paragraph 
2-14, 


4tJo = t, = o.~6 = 12.S psi. 


To account for the uncenairay of blast predic- 
tions (see R~liabmty, Problem 2-1), this over· 
pressure is ussign~d of J 2.S ± I S percent; i.e., it 
lies between 10.6 and 14.4 psi. Fi~ure 2-2 shows 
that the corresponding scaled (1 kt) distance are 
between 840 and 725 feet. The con'e~ilonding 
distances from a 100 kt explosion are 


and 


d ::: dJ Wl/3Sd I: (840)(100)113(1.22) 


= 4,800 feet, 


d = d1 Wil3Scl ::: (72S){100)1/3(1.22) 


::: 4,100 feet. 


The approximate target altitude is thus between 


20,000 - 4,760 := 15,200 feet, and 


20,000 - 4,100 = 15,900 feet. 


Neither of these altitudes is sufficiently different 
from 15,400 feet to warrant repeatins the calcu- 
lation with new altitude scating factors. In order 


4", 
~} 


) 


I- 
t ... 


II 
to insure that the peak overpressure will not ex- 
ceed 7 psi, the lower altitude (greater distance 
from the explosion) is taken as the accepted alti- 
tude. For an actual distance of 4,800 feet. and a 
scaled distance of 725 feet (as determined 
above), the peak dynamic pressure obtained 
from Figure 2-4 is 4.6 psi. From the pressure 
scaling equation of pal'agraph 2-14, 


q = qoSp :< (4.6)(0.56) = 2.6 psi. 


The uncertainty in peak dynamic pressure is ± 1 5 
percent, therefore, the peak dynamic pressure is 


expected to faU between 2.2 and 3.0 psi. 
Answer: The maximum altitude of a target 
directly beJow a 100 kt explosion at 20,000 feet 
such that the target wll1 not experience an over- 
pressure exceeding 7 psi is ] 5,200 feet. The peak 
dynamic pressure incident on the target will be 
between 2.2 and 3.0 psi, with an expected valu~ 
of 2.6 psi. 
Note: If the altitude at which the target 
would be assured of receiving at least 7 psi over- 
pressure had been desired, an altitude of 15,900 
feet would have been selected as the answer. 
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2· 15 Velocity and Density • 
• 
For most blast-wave calculations, peak 
overpressure and peak dYl1amic pressure provide 
a satisfactory description of the shock front; but 
in a few &ltuations a more detailed description is 
required. An example is the problem of dynamic 
pressure' acting on a moving target. For this 
problem. the dynamic pressure data presented in 
par.agraph 2-8 and Problem 2-2 cannot be used; 
instead, the dynamic pressure must be calculated 
from its defined value. 


where u is peak wind velocity with respect to 
_ •. the target. To calculate this velocity. the peak 
wind velocity with respect to the ambient air 
must be evaluated first. This velocity may be 
calculated from the equation 


u= 
1+ 
'-. 
E:1- ( ~ 


i 
1lp)-lf2 
.,. 
"r 
P 


where e is the ambient speed of sound in air, 'Y is 
th ratio of the specific heat of air at constant 
pressure to the specific heat of air at constant 
volume, and the other quantities have been de 
fi1'lf'r. The vaJue of")' for air at moderate temper- 
atures and pressures is 1.4. Using this value, the 
peak wind velocity becomes 


u =~. 
, 


7P 
VI + 6Ap/7P 


The value of the density, PI' nf the air behind 
the shock front is related to the ambient den- 
sity, P. by 


.!..! = 11' + (I + 1).L\p 
P 
-2"P + h' - 1)Ap' 


which becomes 
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... 


.~I :: 7 + 6Ap/P • 
p 
7 + Ap/P 


for 'Y = 1.4. A third equation of interest is that 
for the shock velocity, U. which is 


( + 'Y + 1 • 4p)1/2 
U=e 1 
2'Y 
P 
, 


which becomes 


( 
64p)1/2 
U=c I+V 


for 'Y ;;: 1.4. These are three of the Rankine- 
HU80niot equations, which are described in 
m~etaU in Appendix A. 
,.. A consistent set of units must be used in 
the equations presented above; however, since 
the pressures always appear as a ratio, if consis- 
tent units are used for the specific heats to ob- 
tain "),, as was done in obtaining a value of 1.4 
for moderate temperatures and pressures, the 
only p'recaution necessary is to express lip and P 
in the same units. Then u and U will be in the 
same tlnits as c. and PI will be in the samr" units 
as p. Appendix n provides conversion factors for 
the vmous units. As mentioned previously, 
these equations and others are discussed in more 
detail in Appendix A. For convenience, a nor- 
malized set of values of these shock. front param- 
eters is shown in Fiillre 2·12. Since all quantities 
are normalized with respect to local (ambient) 
atmospheric conditions in Figure 2-12. neither 
yield nor altitude scaling is necessary. The con- 
stants to which the values of the various param- 
eters ,are nonnalized may be obtained from 
Tables 2·] or 2·2. 
~ 
It is frequently con'lenient to relate the 


pcr'dynamic pressure and the reflected over- 
pressure to the incident overpressure. Figure 
2·13 shows such a relationship. The data in Fig- 
ure 2-13 may be obtained from other flgUfeS and 


() 


t 
J 


" 


" 


.. 


• 
scaling relations in tbis chapter; however. this 
figure presents one convenient relation between 
peak overpressure and both peak dynamic pres- 
sure and reflected overpressure. The reflected 
overpressure curve in Figure 2·13 is for a nor· 
many incident blast wave, i.e., the reflecting sur- 
face is facing the direction of propagation of the 
incident blast wave. The curve is convenient for 
obtaining estimates of the peak reflected over- 


pressures for systems subjected to a normally 
incident free air blast wave. Reflected pressures 
are discussed in more detail in. paragraph 2-17. 
The reflected and dynamic pressures may be 
read directly from Figure 2·1Ot for any specific 
overpressure at sea level. For intennediate alti- 
tudes (up to 40,000 feet). the l,ressures must be 
scaled as described in paragraph 2-14 and illus- 
trated in Problem 2-8. 
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Problem 2·7. 
calculation of the Peak Density Behind the Shock Front for 
en Intermediate Altitude Free Air Explosion 


~ 
II Figure 2-12 shows normalized values of 
the shock front vela cit)' , peak particle (wind) 
velocity, and peak density for a shock wave in 
free air ~s a function of the shock strength. The 


sho~k and particle velocities are normalized to 
the lc~::1 (ambient) speed of sound. which may 
be obtained directly from Tables 2-1 or 2-2 as a 
function of altitude. The peak density behind 
the shock front is normalized to the local air 
density, which also may be obtained from 
Tables 2·1 or 2-2 as a function of altitude by 
mit 
ds illustrated in the example below. 


Scaling. Since all quantities in Figure 


2- 
are normalized, no scaling is required; how- 


" -'-ever, for intermediate altitude bursts, the shock 
strength at a specified distance must be deter- 
mined by the blast scaling factor described in 
pa"a aph 2-14, as II 
u trated in the example. 
Example 
'iven: A 10 1{ explosion at 30,000 feet. 


• 


Find: The air density just behind the shock 
front 1,000 feet away and at the same altitude. 


Solution: In order to find the shock 
strength, the peak overpressure must be deter- 
mined. From Table 2-1, the altitude scaling fac- 
tor for distance at 30,000 feet is 


The scaled (1 kt) distance at sea level com- 
sponding to 1 ,000 feet from a 10 kt explosion at 
30,000 feet is 


d = d 
= --.!:OOO 
:: 3 I 0 feet. 


I 
S4 Wl/3 
• (1.5)(10)113 


From Figure 2-2, the corresPonding peak over- 
pressure is 


Ap = 84 psi. 
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The reliability statement of Problem 2-1 suggests 
a :I: 1 S percent tolerance for this overpressure. 
Therefore the shock strength is 


~ 1 a: 84 + 14.7 :I: 12.6 = 6 7 :I: 0 9 
P + 
14.7 
.. 
. 


Since shock strengths are equaJ at equal scaled 
distance. this is the shock strength of interest. 
Figure 2-12 shows that the density ratios corre- 
sponding to shock strengths of 5.8 and 7.6 are 


p./p .. 3.1, and 


p,/p = 3.5, respectively. 


From Table 2-1, the air density relative to sea 
level is 


p/po = 0.375. 


Since Po :: 2.38 x 10.3 slugs per cubic foot for 
the standard atmosphere (footnote, Table 2-1), 


p :: 0.375 Po = 8.92 x 10''' slugs/ftl . 


Answer: The air density just behind the 


shock front is expected to Ue between 


and 


p. := 3.1 x 8.92 x let" 


r:: 2.8 x 10'3 slugs/ft' 


PI = 3.5 x 8.92 X 10" 


= 3.1 X 10" slUBs/fll • 
~ 


elillblUtY II 
The curves in Fiaure 2·12 were calcu- 
lated rom the equations and the equation-of- 


o 


) 


• 


C.' 


I 
p 


.. 


• 


It 


state data in Appendix A. At sea level, these 
curves are believed to be accurate within a few 
percent. The high degree. < of accuracy of these 
data results from the use of pressure rather than 
range as the independent variable; uncertainty in 
the pressure~istance curve does not affect the 
accuraC' of these cUlves directly. 


' 


Altitude scaling of shock front and 
partie 
velocities is, for the range of shock 
strengths shown in Figure 2-12, accurate within 
a few percent even at altitudes as high as 
300,000 feet. Density scaling is accurate within 
1 or 2 percent for shock strengths below about 
60; at higher 1iii10ck strengths, the accuracy de- 
pends on both shock strength and altitude. At 


.', 


., 


, , 


100,000 feet, the scaling error is about 2 percent 
of the calculated value for shock strengths below 
100, below 10 percent for shock strengths below 
SOO, and below 20 percent for shock strengths 
below 900. At 200,000 feet, the error is about 2 
percent for slaoek strengths below 60, below 10 
percent for shock strengths below 80. below 20 
percent for shock strengths below 130, and rises 
to almost SO percent for a shock strensth of 
900. Whenever these errors are large, they are in 
such a direction that actual density is higher 
tXlculated density. 


Relllted Material: See paragraphs 2·14 


an 
-IS. See also Problems 2-1 through 2-6, 
and Appendix A. 


2-33 


~ , 
.ell 
=:;- 
~~ 
§··I 
~! 
00 
~~ 
ii 
~~ 
zz , 


10 
100 


SHOCK STRENGTH (~ + ,) 


FIgure 2-12. til Shock Front Velocity, 'eak Pattlcle Velocity lind P .. k 


Density for I Shock WIV. In Ah' • 


0 


.J 


• 


Problem 2·8. Calculation of Peak DyNmic Pressure 


for a Specified Overpressure 


• 
Figure 2-13 shows the peak reflected 


O"Icrpressure at normal incidence and the peak 
dynamic pressure as a function of peak overpres- 
sure for explosions in a standard sea level atmo- 
sphere . 
.a Scaling. For intermediate altitude bursts 
(u", 40,000 feet). overpressure and dynamic 
pressure are scaled by the factors given in para- 
graph 2·14, i.e. 


Ap =: ApoSp. 


q == qQSp' 


• 
Example II 
Given: An explosion at 50,000 feet alti· 


tude. 


l<1nd: The peak dynamic pressure at a point 
coaltitude with the burst where the peak over- 
pressure is SO psi. 


Solution: Frem Table 2-1, the pressure· 


scaling factor is 


Sp == 0.115. 


The corresponding sea level overpressure is 


A... = Ap == ~ 
== 435 psi. 
""0 
Sp 
0.115 


From Figure 2-13, the peak dynamic pressure 
corresponding to a peak overpressure of 4·35 psi 
is 1 ,000 psi. 


Answer: The corresponding peak dynamic 
pressure at 50,000 feet is 


II = q..,Sp ;:: (1,000)(0.115) = lIS psi. 


~eliabllltY • 
-wi The: error in scaled values of dynamic 
pressure obtained from Figure 2·13 varies in al- 
most exactly the same manner as the error in 
SC8JeMnsitY described in Problem 2-7. 


The curve in Figure 2-13 for peak re- 


flecte 
oveI}\ressure may be scaled accurately 
over the approximate range of altitudes and over 
about half the range of shock strengths for 
wMdynamiC pressure scaling is accurate. 


Related Material: See paragraphs 2·14 


an 
-15. See also Problems 2·1 and 2·2 and 
Appendix A . 
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2·16 Meteorological Phenomll)8 II 


- 
Nonunifonnities in the atmosphere can 


pr:ru-ce mUd focusing and disp~rsing effects 
that strengthen some portions of the blast wave 
and weaken others. Although these effects fre- 
quently occur near the surface, they are possible 
at any altitude and they may affect the blast 
wave in free air. 


• 
The manner in which these meteorologi- 


ca~enomena modify the blast wave may be 
Ulustrnted by considering a layer of wann air. 
centered at burst altitude, as shown in Figure 
2-14. Since the shock front velocity is greater in 
the warmer air, the shock front deviates from a 


perfect sphere. The modified shape causes the 
portion of the abock front that propagates 
through the wanner air to diverge and become 
wei than the shock front as a whole. 
At high shock strengths, the velocity of 
the 
ock front is much greater thf<n sonic veloc- 


ity, and it is a strong function of shock strength. 
This property tends to maintain a spherical 
shock front in spite of perturbations such as 
mown in Figure 2·14. Weakening the sb\)ck 
front reduces its speed. and the advance of the 
bulge becomes sJower'-relative to the remainder 
of the shock front. This limb.& the distortion of 
the sphere and the divergence and weakening of 
the shock wave within the heated layer. 


F!gur. 2-14. _ 
Distortion of Blilt WIVI bv 


fj Itr.tum d Warm Air II 
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.. 
At low shock strengths, the reaction is 


diiT'::'nt. The shock front velocity is only sli&ht- 
Iy creater than sound velocity and it is relatively 
insensitive to changes in shock strength. Devel- 
opment of a bulge and local weakening of the 
shock front can proceed much farther before 
chanses in shock strength produce velocity 
cws that oppose further distortion. 
For these reasons, a hish overpressure 
bIas, wave is relatively insensitive to atmospheric 
disturbances, but a low pressure blast wave may 
be strongly affected. The factors that cause the 
disturbance can be any atmosphenc nonum- 
fonnities that tend to distort the spherical shape 
of the shock front. Examples include shear 
w.' 
d and temperature &radients. 
Shear winds are winds that chanse in ve- 


__ )0 I Y with chanses in altitude. The velocity 
chanse may be in direction, in masnitude, or in 
both. Below 60,000 feet, the normal tempera- 
ture sradient of the atmosphere produces lower 
temperatures at higher altitudes. This pattern 
tends to deflect blast energy upward. A tempera- 
ture inversion is an increase in temperature with 
increasins altitude. This occurs normai~y at hish 
altitudes. Above about 60,000 feet, tempera- 
ture normally rises gradually with increasing alti- 
tude. The relatively sharp inversions 1hat occur 
when a mass of warm air covers a mass of cold 
.. :.. ",... of more concern in blast calculations. 
Such an inversion can act as a mild reflectins 
surface. and downward deflection of thin blast 
wave is intensified when the burst point is below 
theinvendon. 
. 
... These atmospheric effects normally pro- 


duPrnly small deviations from predicted over~ 
pressurt except for overpressures that are a small 
fraction of a psi. Larser deviations normall y oc- 
cur only when the blast wave is exposed to in~ 
homogeneities in the atmosphere over ar" ex- 
tended path. For example. when the: burst and 
the target are at lOW wJtitudes and over 10 mUes 
apm. oliS!lrved overpressures have exceeded ten 


'\ 


times the predicted values. Such strODS focusinS 
,effects are possible only when sound travels fast- 
er aloft than it does on the ground. Incidents of 
this type ilave often been associated with the 
high winds in the jet stream; in these instances, 
abnormally high overpressures are observed only 
in the senera) direction of the wind motion. Pre· 
diction of the masnitude of the deviations that 
inhomoseneities in the atmosphere introduce 
into the values of the blast wave parameters is 
complex, and presentation of numerical 
methods to estimate the magnitude of these 
effects is beyond the scope of this manual. 


• 


BLAST-WAVE ,..OMENA 


THE SURFACE I'll 
.. 
When an air blast wave strikes a denser 
m:m such as the earth's surface, it is reflect- 
ed. If the surface is hard and flat, and if the 
incident blast wave has a very low peak overpres- 


sure~ reflection followl simple laws, much Uke 
the reflection of tisht. If overpressures are mod- 
erate or bigh, or if the surface acts as a nonideal 
reflector, interactions between b'te blast wave 
and the surface can be complex. Study of the 
blast wave at the surface is larsety concerned 
with these complex aspects of surface inter- 
actions. 


2·17 Reflection It Norma' Incidence .. 


- 
The peak reflected overpressure, b.p , 
pr:cru'ced by a nonnaUy incident· blast wa:e 
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.dS on the"peak overpressure~ bp, and the 
peak dynamic pressure, q, of the incident blast 
wave. An approximate equation for peak reflect- 
ed o'verpressure (valid for shock strengths up to 
6 or 7. i.e., or overpressures of about 75 to 90 at 
sea level) is 


4Pr = 2ilp + h + l)q, 


where Apr is the peak reflected overpressure, 
:t:r.d the other quantities have been defmed. If-y 
is taken to be 1.4 (see paragraph 2·1 S). 


Apr = 2Ap + 2.4 q. 


Using the dermed value of q. 


1 
q = -p u2 
2 ' 
• 


and the RankiriecHugoniot equations introduced 
in paragraph 2-1 S leads to the rehtion 


q = 2-yP + <'l' + 1) /,)p , 


and, if "'I = 1 4, this becomes 


Insetting this value of q into the equation for 
the reflected overpressure gives 
" 


bp = 2Ap (1 + 44(JIP) 


r 
1 + bplP 
Ii 
This equation sho:"'s that~ in the limiting 
case of low ove~'""essures (at overpressures suf- 
f1C?lently low that dynamic pressure is ncgUgi- 
ble). the peak reflected overpressure is simply 
twice the peak overpressure of the reflected 


wave. This relation is a general one that is valid 
for any angle of incidence. It is valid because at 
Jow overpressures the reflected shock wave has 
the same strength as the incident shock wave, 
and the peak reflected overpressure is the sum ' 
of the overpressures of the incident and reflect- 
ed.S. 


As Ap becomes very large the equation 
given above indicates that the peak reflected 
overpressure rises to eight times the incident 
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It 
overpressure. However. this equation falls at 
these high overpressures. It is based on the 


as..~mption that 'Y has a constant value,. but ")' 
drops to values below 1.4 in strongly shocked 
air. More 8c.curate calculations for the high 
sbock strengths show higher reflected overpres- 
sures than this equation predicts. 


_ 
Users of this Jnanual will not use the 


eqJlfron for reflected overpressure very fre- 
quently; they will use it principally as an aid in 


understand~n, the reflection process. The nu- 
merical results that ordinarily are needed already 
have been calculated and have been incorporated 
in the various figures in this chapter. 


2· 18 Regular end Mach Reflection II 
• 
The interaction between a blast wave 


-~'1lrld the surface of the earth is shown schemat- 
ically in Figure 2-15. The reflected wave near 
the surface travels through a region that is heat- 
ed and made denser than the ambient atmo- 
sphere by the incident shock front as it passes. 
Since shock front velocity is greater in heated 
air. a portion of the reflected shock can, under 
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appropriate conditions, overtake and merae with 
the incident shock. This fomu a single shock 
front, caUed the Mach stem, wbieh produces 
hiaher peak overpressures and P=ak dynamic 
pressures at or near the surface than would be 
produced at the same distance in free air. The 
characteristics of the blast wave at or near the 
surface depend on yield, height of burst, and 
properties of the reflecti.ng surface. The region 
where the incident and ll~flected shocks have not 
merged to form a Mach stem it referred to as the 
region of regular reflection; the region where 
they have merged is referred to as the region of 
Mach reflection. As the Mach stem travels along 
the surface, the triple point (the point of inter- 
section of the incident wave, the reflected wave, 
and the Mach stem) rises. 


2·19 Blast Phenomena for Bursts 


. in the Transition Zone II 
111 When tbe height of a burst is lesl1 than 
about ) 60W1/ 3 feet, additional phenomena af- 
fect the blast wave. If the burst is very close to 
the surface, within about sWO·3 feet, fusion of 
the incident and reflected waves is complete, 
and the blast wave has a single. approximately 
hemispherical shock front. A burst this close to 
the surface is called a contact surface burst. The 
sinsle shock front of a contact surface burst may 
be considered a special case of Mach stem forina- 
tion in which the stem extends over the entire 
shock front . 
.. 
If a warhead i's detonated above sWO·3 
fe~t below about 160Wl/3 feet, the portion 
of the reflected shock front that passes through 
the central region of the rueball moves fast 
enough to overtake the incident wave and fuse 
with it. The blast wave thus forms a single shock 
front above the ruebaU, a double shock front 
between this area of fusion and the triple point 
(or the ground if the Mach stem is absent), and a 
single shock front below the triple point. The 
strength of the fused wave above the fireball 


I 
, 
~~ 
I 
: 
• 
varies with burst height. Unless tbe burst is con- 
siderably closer to the surface than 160W1/3 , 
the reflected wave only makes a weak contribu- 
tion to this portion of the blast wave. One rea- 
son for this weak contribution is that the reflect- 
ed shock front is strongly attenuated by spher- 
ical divergenC9 (produced by the lens-like acHon 
of the flrcbaU). Another factor may be the at· 
tenuation resulting from the dissipation of ener- 
gy when the shock front passes through heated 
air. The region between about sWO·3 feet and 
J 60W1/.1 feet is called the transition zone. and a 
burst within this region is a surface burst for 
p=ses of air blast phenomena. 


_ 
If a burst is above the transition zone, 


fUSIon of the incident and reflected shock fronts 
is confined to the Mach stem region. and the 
burst is called an air burst. An air burst that only 
produCes weak reflection effects at tr ~ .urface is 
called a free air burst. The properties of suell 
explosions were discussed in paralfaphs 2-7 
through .2-12. A low air burst is sometimes 
called a near surface burst. As described in Chap· 
ter I. the limits of the scaled heights of burst as 
well as the scaling laws for defining the various 
zones are different for the various phenomena. 
The defmitions given above for the heights of a 
contact surface burst, a surface burst. the transi- 
tion zone. and a free air burst only apply to air 
blast phenomena. 


2·20 Naar·Id'AI and t,lonidaal 
Surface Conditions II 
~ 
An ideal surface is defmed as a perfectly 


na~face that reflects all of the ene~, both 
thermal and blast, that strikes it. No part of the 
surface of the earth is ideal in this sense. but a 
few surfaces act essentially as ideal. These sur- 
faces are classified as near-ideal. A near-ideal sur- 
face is one that provides blast wave phenomena 
that are essentially free of the mechanical and 
thermal effects that ate described in succeeding 
paragraphs. Some of the surfaces considered 


.,. 
.• - 
- _.w 
• 
.. 


most ntarly ideal are reasonably flat and consist 
of ice, hard-packed snow. frozen tundra, and 


The phenomena that are characteristic 
wli 
. of a mechanically nonideal surface are illustrated 


best by examples. When a blast wave that is 
traveling along a flat plain suddenly encounters a 
rising slope, a stronger overpressure impulse is 
produced than if the surface had remained flat. 
Buildings can decrease overpressure in certain 
areas by providing shielding from the blast; they 
also can increase overpressure in other areas by 
reflecting the bJast wave. A very thick layer of 
snow will absorb a large amount of the blast 
energy that strikes it, which will produce a Jower 
reflected overpressure than a near-ideal reflect- 
inlJirface. 
_ 
In most cases, blast wave calculations 
over mechanically nonideal surfaces are perform- 
ed by fust fmding the desired blast parameters 
over a near-ideal surface. The results thus obtain- 
ed then are corrected to account for the changes 
in blast wave properties produced by the me- 
chanically nonideal features of the surface. 
.. 
The phenomena produced by ather- 
m~nonideal surface can distort overpressure 
and dynamic pressure wavefonns of the blast 
wave at the SUlface. Whether or not the distor- 
tions are significant depends on height of burst 
and yield Ii wen as the properties of the surface. 
Severe thermal effects are accompanied by the 
formation of a precursor. which alters several 
blast parameters severely. Precursors are de- 
scn'ld in the following paragraph. 
Thermally nonidea1 surfaces may be de- 


fme 
loosely as those that absorb heat; ther- 
mally near-ideal surfaces reflect thermal energy 
incident upon them. Radiation from the fireball 
incident on thermally Donideal surfaces pro- 
duces a layer of heated air that interacts with 
the blast wave, and which may form .t precursor. 
This type of surface is sufficiently common that 
nearly all blast wave data at the surface are pre- 
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senterl as two sets of charts: one set for near- 
ioeal surfaces, and one set for thermally non- 
ideal surfaces. Methods of classifying surfaces 
with respect to thermal properties are discussed 
in paragraph 2-22. 


2·21 
Precursor Formation _ 


• 
Thennal radiation from the ftteball of a 
su~e or near-surface burst can cause the sur- 
lace 01 the earth in the vicinity of ground zero 
to reach a temperature of several thousand de- 
grees in a short time. "Popcoming" may then 
occur, wherein volatile substances vaporize 
explosively. throwirtg hot particles into the ai.i: 
This (or similar heat transfer processes) produces 
a layer of heated air just above the surface al· 


. most instantly. When the height of burst is less 
than 6S0W1/ 3 f;:;et, and when the earth is"dusty 
and dark in color. the thermal layer usually is 
intense enough to disturb the blast wave near 
thti.ll0und surface seriously. . 


_ 
Under ideal conditions, none of the 


energy in a blast wave can propagate faster than 
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the shock front itself; thus. tbe shock front 
forms an envelope within which the blast energy 
is confined. The thermal layer, however. pro- 
vides a way for this e.nergy to penetrate the con- 
fming surface. The energy in a blast wave propa- 
gates faster through hotter air. and the thermal 
layer allows energy to move ahead of the main 
shock front, which produces shock wave pat~ 
terns such as those shown in Figure 2·16. The 
auxiliary blast wave that moves ahead of the 
main shock wave is called a precursor. 
_ 
Although the details of precursor forma- 
tiofte not well understood, its aeneral patterns 
of pressure and flow have been observed and can 
be described After the precursor forms. the 
main shock front no longer extends to the 
ground; if it does, the lower portion is so weak- 
ened and distorted that it is not easily recog- 
nized. Between the ground and the bottom edge 
of the main shock wave is a liP, probably not 
sharply dermed, through which the energy that 
feeds tLe p~cursor may flow. Wind speed in this 
saP is higher than the wind speed behind the 
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main shock front.· Overpressure in the lap is 
lower than that behind the main shock front, 
and it is this overpresSure difference which pro- 
duces the higher than ideal wind velocities in the 
la&. 
_ 
Ahead of the main shock front. the blast 
energy in the precursor is free not only to follow 
the rapidly moving shock front in the thennal 


l~yer. but also to propagate upward into the 
undisturbed air ahead of the main shock front. 
A neaT-equllibrium condition exists, becsuse the 
energy continually fed into the precursor from 
the main blast wave tends to strengthen the 
precursor shock front, and the diverging flow 
pattern within the precursor itseif tends to 
weaken it. 
. 
11 This description of what happens within 
a precursor explains some of the precursor char- 
acteristics shown in Figure 2·16. Only that por- 
tion of the precursor shock front remaining in 
the thermal layer travels faster than the main 
shock front; the energy diverging upward, out of 
this layer loses some of its forward speed, and 
the intersection of the precursor and main shock 
fronts indicates that the main shock is continua1- 
ly overtaking this upward-traveling energy. Dust, 
typically billowing to heights of more than 100 
feet, shows the upward flow of air in the pre- 
cursor. At later times, the lower edge of the 
main shock front is distorted by the action of 
thi.Accursor. 
.. Overpressure and dynamic pl'Cssure 
waft!'6rms add infonnation to that supplied by 
blast wave photographs. Typically, the wave-- 
fonn of a fully developed precursor :shows III 
rounded leading edge and a slow rise to its peak 
amplitude. In severely disturbed waveforms, the 
pressure jump at the leading edge may be com~ 
pletel)' absent. These characteristics indicate 
that the ptec:.;rliOr shock front is str()ngJy attenuti 
sted and that, at leli~t close to the ground, the 
precursor does not always have a true shock 


front of significant amplitude. These results are 
oonsistent with the diverging flow pattern de- 
Ifmbed above. Dynamic pressure wavefonns 
c·ften have high frequency oseillations that indi- 
cate severe turbulencc< The long time durations 
seen in both overpressure and dynamic pressure 
waveforms indicate two effects: the early arrival 
of the initial pressure disturbance. and the sus- 
taining effects of the strong winds developed 
within the precursor. 


• 
Pea.\ amplitudes of the precursor wave- 
fann show that overpressure has a lower peak 
value and dynamic pressure has a higher peak 
value than would appear over a surface that did 
not permit a precursor to form.t The drop in 
peak overpressure indicates the energy expended 
in producing the higher than ideal wind veloc- 
ities. The higher dynrunit: pressure is partly due 
to the higher wind speeds, but dust loading. the 
increase in effective air density resulting from 
particulate matter carried by the wind, is believ- 
ed to be a more important factor. 


_ 
Additional information on precursors, 


pJlrc'ularly a description of typical precursor 
overpressure and dynamic pressure wavefonns. is 
given in paragraphs 2-31 and 2-32. 
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2-22 
IdentIfication of Therm~Near.'deal 
" 
and Nonldeal Surfaces _ 
! 


To predict bl nt-wave parameters accu· 
rate y. the reaction of the surface to thennal 
radiation from the ftrebaU should be known. Nu- 
clear tests have shown that a few specific types 
of surface act essentially as thennally ideal sur- 
faces and a few others tend to produce a signifi- 
cant thenna11ayer. Unfortunately. a theoretical 
model that quantitatively explains the phenome- 
na of surface reaction and precursor fonnation 
has not yet been deveJoped. Without such a 
model, the response of untested surfaces canRot 
bCledicted with assurance. 


tions according to the strength of the precursor 
that can fonn. 
II Examples of surfaces that are considered 
thennally ne~ideal and thermally nonideal are 
shown in Table 2-3. Items in the table that are 
confmned by experiment are marked with an 


.. 


" 


Despite this uncertainty. predictions 
ha e een made. Surfaces are classified as either 
thermally near-ideal (unlikely to produce signifi- 
.. ~t precursor effects) or thermally nonideal 
(expected to produce a precursor for suitable 
combinations of burst height and ground dis- 


tam~e). No other categories are used. i.e.. no 
attempt is made to subdivide surface classifica- 


Dark surfaces tend to be thermally non- 
aSI" 
idea. because they absorb tbennal radiation 
from the fireball. Ught (reflecting) surfaces. tend 
to be near-ideal. Asphalt is the strongest 
precursor-forming surf~ce for which test results 
arelown. 
The effect of moisture has not been 


es a lished definitely. Since any specified 
amount of absorbed energy can raise the temper- 
ature of a dry surface more than the same ab- 
sorbed energy would raise the temperature of a 
wet surface, moisture is expected to inhibit the 
formation of a thermal layer. This should be par- 
ticularly true when the moisture is in the fonn 
of ice. Nuclear tests show that the dry, sandy 


Table 2-3. • 
Examples of Thttrmallv Naar-Ideal and 


~m'lIy Nonldeal Surf"" II 


·Water 


Thermally Near-Ideal 
(precursor unlikely) 


-Ground covered by white smoke layer 
Heat reflecting concrete 
Frozen tundra 
lee 


Packed snow 
Moist soil with sparse vegetation 
Commercial and industrial areas 


-Desert and 


-Corll 


·Atlphalt 


ThermaUy Nonidea1 


(precursor may occur for 
low air bursts) 


"'Surfaces with low, thick veaetation 
·Surfaces covered by • dark smoke layer 
Dark coIond rock 


MOlt aaricultural areas; Residential areas in cities 
Dry IOU with sparse vea,tation 


.. 


, . 
"'-.' 


.. 
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II 
soil of the Nevada Test Site is thermally non- 
ideal, and that water is a near-ideal surface (how- 
ever. a blast wave over rough seas may fill the air 
with spray and produce a dynamic pressure ef· 
fect similar to the dust loading encountered over 
desert surfaces). Untested surfaces classed as 
thermally near-ideal are listed in Table 2·3 in 
the order of increasing uncertainty. 


• 
sparse vegetation probably should be 


iari 
. Leaves or thick vegetation shield the 


pTOund. prevent popcoming. and minimize dust 
loading, but they also generate a heat-absorbing 
cloud of dark smoke when they absorb radiation 
from the fueball. The lases driven from the 
leaves have high sonic velocities. As a result, 
they create a thicker. and probably cooler. ther-- 
m-l layer than that formed over desert sand or 
asphalt. Taller veletation is expected to produce 
a thicker thermal layer and a stronser precursor. 
The REDWlNG-Inca shot, over a surface covered 
by low grass and vines dominated by broad- 
leafed shrubs about 10 feet h.igh, produced a 
precursor, but the characteristic precursor WBve~ 
forms were apparently suppressed to some c(- 
tent because higher-than-ideal blast-wave veloc- 
ities near the surface were eliminated by the 
velltation. 


Tests at the Nevada Test Site show 
w 
cned precursor action over areas covered by 


dark smoke (the surface was desert sand which 
forms a strons precursor). Presumably the 
IUuulw absorbs enoush heat to form a thermal 
layer, but it shields the ground to prevent pop- 
cominS and dust loading of the air • 


• 


Variable conditions occur in clties. Com- 


me 181 and crowded industrial areas are expect- 
ed to act as thermally near-ideal surfaces. Al- 
though these areas etmtain many surfaces that 
are favorable to precursor formation (e.g., 
asphalt-coated roofs), a continuous thermal 
layer would not be expected. The tendency to 
form a precursor would be offset by if.s diff .... 
culty in propaptinS tbroush a heavily built up 


area. In typical residential areas, where the 
buildinp are neither as close nor as taU as those 
in commercial areas, the surface is considered 
thermally nonidea1. 
II The preceding descriptive information 
does not always provide clear guidelines for clas- 
sifying surfaces. For example, the rules that 
might be applied to black, moIst son are con- 
flictinS. In such cases, blast-wove properties 
should be calculated for both near-ideal and 
thermally nonideal surface conditions in order 
to bracket the blast effects that can actually be 
expected.. 
II BLAST-WAVE CALCULATIONS 
AT THE SURFACE • 
II Heisht of burst (HOB) curves provide 
most of the data required to calculate bl ast-wave 
properties at the surface. The HOB charts in this 
subsection each show the distance from ground 
zero as a function of heisht of burst for several 
values of the various air blast parameters that 
would be expected to occur along the sur/ace as 
a result of a I kt explosion.· For instance, any 
point on a curve for specified overpressure (see 
for instance Figure 2·17) shows a combination 
of bum height and ground distance at which a 1 
kt explosion "1m produce that overpressure at 
the surface of the earth. Alremately. if I 1 Itt 
burst occurs at a location conesponding to lOme 
point on a given overpressure curve, a taIIet at 
thli[isin will receive that overpressure. 
• 
Separate rammes of curves are provided 
for near-ideal and thermally nonideal sUrface 
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II 
conditions. Guidelines for classifying surfaces 
with respect to thermal properties are provided 
in pl.l!agraph 2~22. The effects of mechanically 
nonideal surfaces (paragraph 2-20) are discussr.d 
in ~phs 
2-37 through 2-41. 
.., 
~any of the HOB curves show whether a 


given point on the surface is in the region of 
regular reflection or the Mach stem region (para- 
graph 2-18). This infonna~ion is helpful if the 
target is some distance above the surface, be- 
cause it indicates how closely bl ast-wave data at 
the surface correspond to bla~t·wave data at the 
target. The effect of target height onblast-wave 
parameters is discussed in paragraph 2·29 . 


• 
The data for oveJ'f"'Cssure and dynamic 
pr . re are peak values, regardless of where 
these peaks occur in the blast waveform. In an 


--undisturbed blast waveform. these peak values 
occur at the shock front. If a precursor is pres- 
ent, they usually occur later in the waveform. 
Precursor overpressure and dynamic pressure 
waveforms are described in paragraphs 2·31 and 
2-32. 


_ 
Whenever ambient atmospheric condi- 
tions are different from standard sea level condi- 
tions (14.7 psi, S9°F). calculations of blast.wa~e 
parameters at the surface are more ~urate if 
the altitude scaling factors described in para- 
graph 2·14 are applied. These factors may be 


~J. ~v ... !, U Ule departure from standard condi- 


etions is not caused by an altitude change. 


2·23 Reliability II 
" 
... Blast-wave data at the surface are subject 
to -= uncertainties described in paragraphs 2·1 
through 2-6. As mentioned in paragraph 2-S, 
: additional uncertainties arise because the earth is 


not a perfect reflector. Con"quently, the blast 
wave at the surface is inherently less predictable 
than the blast wave in free air. Added to this 
problem is the difficulty of obtaining sufficient 
experimental data to cover all combinations of 
conditions. A blast paramete~ in free air may be 


represented by a single curve; at the surface, the 
available data must be scattered to cover a fam- 
ily of curves. Moreover. variable surface condi· 
tions require that more than one family be 
plotted. Consequently, a limited number of nu· 
clear tests cannot document blast-wave data at 
the surface as completely as in free air. The 
usual reliability statements are supplemented in 
this section by showing portions of the curves as 
dashed lines. Tne solid lines are based upon ex- 
perimental data from full-scale nuclear tests; the 
dashed portions are based upon theory and high- 
explosive experiments. In some cases, data for 
the dashed portions of curves are based on the 
assumption that for certain combinations of 
ground range and burst heicht the data for ther- 
mally nonideal surfaces should agree with data 
taken over near-ideal surfaces. In general., the 
reliability statements apply to the dotted as well 
as the solid portion rf the HOB curves; however. 
the reliability of the dotted portions is purely an 
estimate, while the reliability stated for the solid 
portions is based on expe~ental data. 


- 
Uncertainties in the data presented in 


th:1lOB charts usually are expressed in terms of 
ground distance rather than in terms of blast 
parameters. This is an important distinction. For 
example, a :t 1 0 percent uncertainty in around 
distance corresponds to an uncertainty in peak 
overpressure that may be as high as :t30 percent. 
The curves become nearly horizontal close to 
ground zero, and a variation in ground distance 
produces very little change in blast parameters . 
For these portions of the HOB charts, the uncer- 
tainty should be applied to burst height rather 
than to ground distance. When a precursor 
'forms, tbe air blast waveforms are distorted 
severely t and prediction of blast parameters be- 
comes highly uncertain. As mentioned in para- 
graph 2·2, the scaling of most blast-wave param- 
eters is reasonably dependable in the yield range 
of 1 kt to 20 Mtj however, scaling becomes ques- 
tionable for yields over SO let at tbennally non- 
, 


f 


c.· 


II 
ideal surfaces as a result of the difficulty in pre- 
dicting the criteria for precursor formation. 


• 


The scaling of subkiloton explosions at 


sea e heights of burst between 150 and J ,000 
feet have shown large errors that correspond to 
discrepancies as high as factors of 'i. or 3 in effec- 
tin yield. 
II Additional uncertainties appear in the 
measured data for contact surface bursts as a 
result of less dependable experimental deter- 
mination of yield. This is eaused in part by the 
difficulties added to radiochemical yield deter- 
mination as a result of the large amount of 
crater material in the cloud and to the uncer- 
tainty introduced into yield determination by 
fueball size that result from uncertainties in the 
amount of energy absorbed by the eal ~h. 


2~24 Peak Overpressure • 
• 
Figures 2-17 through 2-22 show the 


pe~overpressure at the surface of the earth as a 
function of height of burst and distance from 
ground zero from a 1 kt explosion. Figure 2·23 
shows peak overpressure as a function of dis- 
tance from ground zero from a 1 kt contact sur- 


... face burst. The same data could be obtained in 
less convenient form along the abscissas of Fig- 
ures 2·17 through 2-20. 
• 
These fIgUreS show that the same ground 
range for a given peak overpressure is produced 
by a burst either at the surface or some short 
Ol$lance above the surface. At low overpressures. 
th!' greatest distance from ground zero occurs 
for an explosion at some higher distance above 
the surface. This effect is prominent e;! OVerpres- 
sures of 15 psi and less. and contours for these 
overpressures show a pronounced "knee" (the 
knee is defmed as the extreme right projection 
of a contour line). 
.. 


Figures 2·17 through 2-20 apply to near- 


ide 
Surface conditions; Figures 2-21 and 2·22 


apply to thermally nonideal Sl~rfaces (suaes- 
tions for classifying various typ~s of surfaces are 
given in paragrapb 2·22). Pigu'te 2-23 applies to 
near-ideal surfaces, but since the 1 kt reference 
burst detonated in contact , ~ith the surface is 
not expected to form a precursor, the curve also 
applies approximately to thermally nonideal 
surfaces. 


• 
The shaded areas in Figure 2~20 reflect 
the uncertainty in the prediction of very low 
overpressures. TIle shaded areas in Figu''ts 2-21 
and 2-22 correspond to the ground distances at 
which precursor cleanup occurs. In this pheno- 
menon, the hydrodynamic enerlY of the blast 
wave collects behind n sinpe, weU-defmed shock 
front. forming a nearly ideal blast wave. As this 
occurs, the peak overpressure usually rises 
instead of undergoing the nonnal amount of 
attenuation with increasing ground range. Uncer- 
tainty in the ground range at which cleanup 
occurs is reflected in the HOB curves as addi- 
tional uncertainty in peak overpressure data at· 
this range. This is indicated by shading of the 10 
psi contour and a portion of the 15 psi contour. 


2·26 Peak Dynamic Pressure • 
II Figures 2-24 through 2 .. 26 show peak 


dynamic pressure at the surface as a function of 
scaled height of burst and ground distance from 
a 1 kt explosion. These curves show conditions 
after the blast wave has been reflected from the 
surface; therefore, these charts do not represent 
the dynamic pressure of the incident wave. At 
around zero the wind in the incident biast wave 
is completely stopped by the around surface, 
and aU of the incident dynamic pressure is trans- 
formed to static overpressure. Therefore, the 
height of burst curves show that the peak 
dynamic pressure is zero at po\uld zero. At 
other locations, reflection of the incident blast 
wave produces winds that, at the surface, m1.llnt 
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• • 
blow parallel to the surface. lit The dynamic pres- 
sures associated with these winds tend to pro- 
duce horizontal forces; ht\wever, the direction of 
wind forces on a wget surface depend not only 
on wind direction but also on surface orienta- 
tion. II 
The thermaJ properties of the surface are 
less Slgllificsa..Jl't for prediction of dynamic pres- 
sure than for most blast parameters. Dynatp.ic 
pressure only appears to be strongly enhanced 
by dust loading (or, in the case of 8 water sur- 
face. spray loading) of the air, whether or not a 
precursor is formed. The dynamic pressure 
height of burst curves are therefore classed as 
ideal, "licht dUst:' and "heavy dust" surface 
conditions. Light dust conditions usually may be 
taken to be equivalent to near-ideal surfaces, and 


-• .beavy dust equivalent to thermally nonideal, but 
there are exceptions. For example, a surface 
covered by thick vegetation is (lxpected to pro- 
duce a precursor but little dust. Conversely. the 
interaction of a blast wave with very rough seas 
is expected to produce heavy spray loading but 
no precursor. 
II Figure 2-24 shows peak dynamic pres- 


sure at till ideal surface in the very high pressure 
region. it is based almost entirely on theory • .and 
does not include dust loading effects (it should 
be noted that the 200 ,psi contour of Figure 2-23 
ooes not aaree with ttJat m either Figure 2-25 or 
2-26). Fiaure 2-25 shows peak dynamic pressure 
for light dust conditions, and Fiaure 2-26 shows 
peak dynamic pressure for heavy dust condi:- 
tions. Since the latter is based on limited data, 
height of burst curves can be drawn only for 
scaled burst heights up to 300 feet. M a guide to 
the way m which the heavy dust curves mfsht be 
extrapolated, portions of the light dust curves 
are shown for 1 Itt burst heiahts between 330 
feet and 600 feet. These latter cuIVes do not 
represent heavy dust conditions. They should be 
used .only u a suide to obtain roup estimates. 
" 
Fipre 2-27 is presented to aid in the 
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explanation. of the effects of dust on peak 
dynamic pressure. The cmves arc drawn fl0m 
data from Fiaures 2-25 and 2-26. and theoretical 
data for an ideal reflector. At a scaled ";,stant:e 
of about 400 feet. the contribution of li&ht dust 
to dynamic pressure is about twice that of heavy 
dust. This suggests that the inertia of heavy dust 
limits its velocity llnitiaUy and probably also 
timits the velocity of the air in the blast wave by 
the drag force it exerts. After these inertial 
forces are owrcomc. heavy dust contributes 
strongly to dynamic pressure. At a scaled range 
of 900 feet, hea'ty dust exhibits its maximum 
effect. but the effect of light dust has diminish- 
ed considerably. This also suggests an inertial ef- 
fect acting to sustain the momentum of the air 
in the blast wave. 


• 
The exp1anation that has been given is 


only one of several possible explanations of Fig- 
ure 2·27 and represents an oversimplification. 
For example, the explanation does not include 
the varying amount of dust that a given surface 
adds to the blast wave as a function of range. 
More detail may be found in DASA 1200 (see 
bibliography). 


- 
A large scatter exists m dynamic pres- 
sur-:-lata under heavy dust conditions. This is 
due to the nature and the varying amounts of 
particulate matter in the air. Fme grains of sand 
ue lreadily carried by the air stream. flow with it 
as II part of a continuous fluid. and present a 
rela'tively small measurement probJem. Lar&er 
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• 
particles tcnd to plug lage openinas, and th~ir 
effect is difficult to measure. Large objects pick· 
ed up by the blast wave and thrown through the 
air can be very "destructive, but they cannot be 
measured as part of a continuous pressure rec- 
ord. Arbitrarily. dynamic pressure has been 
defIDed as representina the effects of only those 
particles that are small enough to behave essen- 
tially as air particles. Dynamic pressure as thus 
idealized cannot fully account for the destruc- 
tive effects of blast mOlJ'cntum. 


2-26 Time of Arrival II 
• 
Figures 2-28 through 2-32 show the time 
of amval of the blast wave from a I kt explosion 
in a standard, homogeneous, sea level atmo- 
sphere as a function of height of burst and cJis.. 
tance from ground zero. 


2·27 Duration of the Positive 


Phase of Overpressure and 
Dynamic Pressure II 
II Figures 2·33 and 2·34 present families of 
curves that show values of the positive phase 
overpressure duration (I;) at points along the 
surface as a function of height of burst and 
ground distance from a 1 kt explosion in a sea 
level atmosphere. 
II Because of limited data. similar curves 


cannot be drawn for dynamic pressure; howf.Ver, 
the data suggest that, as in the case of free air 
(parasraph 2-10 and Problem 2-4). the ratio.of 
these two durations is a function of pressure 
level. Duration of dynamic pressw:e t+ may be 
estimated by using the curves for poslhye"over- 
pressure duration and the J'tlations shown in 
Table 24. If .urface conditions are such that 
heavy dust (or spray) loading is predicted. the 
lonler tWes found in Fiaure 2·34 probably pro- 
vide a 'Jetter basis for detenninina t; even if the 
surface is considered thermally near-ideal and 
Figure 2·33 is used to determine t;. 


Table 2--4. • 
Rllations Between the Positive 
Duration of Mr'av.rprnsure elut Wave h:_ and 
the Positive Dunltlon of the Dynamic Pressure (t:. 


for II 1 kt Explosion II 


t+ 


(Jc) 


t+ 
(ae\) 


0.1 
0.25 


.15 
.33 


.2 
.34 


.25 
.35 


.3 
.39 


.3S 
,43 


.4. 
.49 


2·28 Overpr~re Impul. • 
III Piaures 2·35 and 2·36 show the positive 


overpressure impulse (parapaph 2·11) at the sur- 
face as a function of hefaht of burst and around 
distance from a 1 kt explosion in a sea level 
atmosphere. 


_ 
Formation of a Mach Item chanaes the 
shape of the overpressure waveform by increas- 
ing the ampHtude of the shock front without 
chang1ng the area under the waveform appre-- 
ciabJy. Consequently, the HOB curves for over- 
pressure impulse differ from the HOB curves for 
peak overpressure in that the bnpulse curves du 
not thow a characteristic change where they 
cross the boundary separating the resion of 
reaular reflection from tbe resion of Mach re- 
flection: Overpressure impulse at the sun ace 
appears to be primarily. function of slant range; 
it only fluctuates s1ronsly as a function of re- 
anale for 10\\' heiahts of burst. 
Dynamic pressure impulse is another 
blQ."wave parameter, particularly 
under thennaDy IlOnidea1 conditions. Unrortun- 


• 


.. 


• 


l' 


- 
a"ely. it is a difficult parameter to measure, and 
there are not enough deJlt"ndable data to allow 
HOB curves to be constructed. 


2 .. 29 MICh Stem Heights II 
• 
Th~ changes that occur in a blast wave as 
the incident and reflected waves fuse to form a 
Mach stem are among the changes associated 
with. reflection from a surface. A tarset above 
the triple point. the top of the Mach stem (see 
paragraph 2 .. 18), receives two shocks that corre- 
spond to the arrival of the incident and the re- 
flected waves. A target at or below the triple 
point receives a single shock. As mentioned in 
paragraph 2-25, the reflection process trans- 
forms part of the incident dynamic pressure into 
overpressure. Thus, a target below the triple 


_"'point is subjected to a higher overpressure im- 


pulse and a lower dynamit pressure impulse than 
a target above the triple point. Since a typical 
airborne target is more sensitive to dynamic 
pressure than to overpressure, such a target is 
us I safer below the triple point. 
The height of the Mach stem heigh' 
af ects tall structures on the ground. The nature 
of the response depends on whether the strue- 
tUfe is more sensitive to overpressure or to 
dynamic pressure. The relative effects of a two 
shock front waveform and a single, nearly 
vertical shock wave also depend on the mechan- 
icaMsponse properties of the target. 


Above the triple point. the strength of 
the mt (or incident) shock wave may be found 
from free air data, and the time interval between 
the two shocks depends on the height of the 
target above the triple point. Below the triple 
point. shock parameters may be approximated 


. best by data from the HOB charts. i.e., from 
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data which. strictly speaking, apply only to tar- 
lets at the surface. When the !Waled height (that 
corresponding to a 1 kt burst) of the Mach stem 
is 50 feet or less, blast-wave properties anywhere 
on the stem are essentially the same as those at 
the surface. For taller Mach stems, the shock- 
front becomes curved. This modifiesblast.wave 
properties alonl the stem. Pressure values de- 
crease and arrival times increase with height 
above the surface. These variations have not 
been studied as thoroughly as blast-wave condi- 
tions at the surface have been. ind data to de- 
scribe them quantitatively are not presented 
here. n The suidelines presented above must be 
ap~ with caution if a precursor is present. 
The two disturbing influences. dust and the tller- 
mallayc.r, are confmed to a layer that is cJose to 
the ground. Above the region that is affected by 
the precursor, the near-ideal HOB curves are a 
better representation of the blast wave. The 
height above which the near-ideal curves apply is 
not known. but it is estimated to be between SO 
and 300 feet (physical. not scaled height) under 
typical conditions. 


• 
Although there are indications that the 


helSht' of the Mach stem is affected by thermal 
effects and by surface hardness, these effects are 
not large, and the curves may be appHed to both 
near-ideal and thermally nonideal surfaces. Both 
thermal effects and surface roughness will, how- 


ever~ make the position of the triple point less 
predictable. 
III Figures 2·37 and 2·38 show the height 


of the Mach stem as a function of height of 
burst and ground distance from a 1 kt explosion 
in a Stia level atmosphere • 


) 


" 
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Proble." 2·9. (:tJcula'tion of Pea4c Overpr8JSi1Jre It the Surface 


.. 
Figures 2-17 through 2·22 show the 


pe~verpressure as a fWlction of height of 
burst and horizontal distance from ground zero 
for a 1 kt explosion in a sea bwel atmosphere. 
Figures 2-17 through 2·19 provide data for ther- 
mally near-ideal surfaces, whlle Figures 2·20 
throuah 2·22 provide the same data for the .... 
llhtli) uonideal surfaces. Figure 2·23 shows the 
peak overpressure as a function of horizontal 
distance from a contact surface burst. The data 
contained in the curves of Figure 2-23 could be 
obtained from points along the abscissas of Fig- 
ures 2-17 through 2-19; however, for some 
applications, Figure 2·23 may be more con- 
venient to use. 


• 
Scaling. For yields other than 1 kt, the 
ground distance and height of burst for any 
specific overpressure scale as follows: 


where d1 and hl are the distance from ground 
zero and height of burst, respej:tively, for 1 kt. 
and d and h are the corresponding distance and 
heilUlt of burst for a yield of W kt. 


- 
EXlJmole 1 _ 
Given: An 8~ 
explosion 2,S80 feet 
above a thennally nonideal surface. 
Find: The horizontal distance frollIi_ound 


zero beyond which the peak overpressure will 
not exceed 3 psi. 


Solution:' The corresponding height clf 
burst for 1 kt is 


From Figur.e 2·22, III peak overpressure of 3 psi 
extends to a distance of 2,900 feet from a 1 kt 
explosioJ), at a height of burst of 600 feet. 


Answer: The eorresponding distance for an 


80 kt weapon at 2,500 feet height of burst is 


d = d1 Jf '1/3 = (2,900)(80)1" = 12,500 feet. 


As a result of the :I: IS percent uncertainty in this 
distance (see "Reliability" below). the range be· 
yond which the peak overpressure will not 
exceed 3 psi is 


12,500 + (OJ 5)(12,500) = 14,400 feet. 
II 
Example 2 - 


Given: A 100 rr:'xplosion at a height of 


2,320 feet above a near-ideal surface. 


Find: The peak overpressure at a distance 
of 1,860 feet from ground zero. 


Solution: The corresponding distance and 
ground ZElro and height of burst for a 1 kt weap- 
on are 


d 1 &:I..!L 
&:I 
~ .860 
= 400 feet, 


Will 
(100)1/3 


hi &:I -1L c 
2,320 
= 500 feet. 


Wl/3 
(100)1/3 


Answer: From Figure 2-18. the peak over· 
pressure at a ground distance of 400 feet and Ii 
h~et 
of burst of 500 feet is 50 psi. 


eliabtUty • 
Ground 
ces obtained from FIa- 
ures 
18, 2-19, and 2·22 are estimated to be 


rellable within ~ 15 percent of the indicated 
ground range (or HOB for points close to lJ'Ound 
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• 
zero _. see paragraph 2-23), Figure 2-17 is ba.~ 
on theory, confinned by only a few data points; 
it is estimated to be reliable within :1;20 percent. 
Figure 2-20 is reliable within :!: 1 5 percent 'of the 
indicated ground range, but the 1/2" 1/4 psi 
cu.rves: are subject to the l' .iditional uncertainty 


indica~ed by the shaded areas. Figure 2-21 !s bas- 
ed on data subject to considerable scatter from 
thermal effects; it is estirpated to be reliable 
within 120 pt:fcent. 
_For near-ideal surface conditions, 


..... : 


these reliability estimates apply to yields be- 
tween 1 kt and 20 Mt; for thermally nonideal 
surface conditions, the estimates apply to yields 
between 1 kt and 50 kt. Outside this range of 
yields, these curves may be used with somewhat 
less confidence. 


_ 
Related Material: See paragraphs 2-13, 
2.1~-17 through 2-20, and 2-22 through 2-24. 
See also Tables 2-1 and 2-2 for surface condi- 
tions that differ from standard sea level atmo- 
spheric conditions . 
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Figure 2-17. 111 Peek OvtrSllt"lMUres at 1he SurfllCe for a 1 Itt Burst Over a N •• r·lde.1 
Surface, Very High Overpreaun Region _ 


2 ... 


1- 
'(: 


:. -:t 
. 


I, 
. 


0- 
I ... 
• • 
'1M" .ullma :10 ~H9IiH 


.T 


-1 


I - 


- § 
... 


o 


,fij 


o 


i 1 
z .. g 
! 
:I 
III 
~. 
.. - 


i J.J 


I~ 
; 11 
a 
"'. 
s tid 
\..) 
a 
II 


z 8 
&r 
c;:) 


~ 
II 


0:1 - 
,:. 
l! .i 
u. 


., 


• 


I 


II' 
1- 
"" 
" 


GROUND DISTANCE (meten' 
G 
_ 
T~ 
,~ 
2_ 
l'I!IIII'III.,.I.! •• I"'II'I,:I.,.,III •• I'111'111.I"1.111 •• 11,1.1 •••• 11,.11111.' •• 1.11111111111., •• 11 ••• 1 •• ,,1.11. 


5MO;-,·,~~~, ~~~~~~~~r-~T7~T7~~~~~'-~~~~~~~~~-' 


; :;1 
,. ... j •• ~ 


! 
~ .. .. 
, •.• ! 
• I 
.. f' 
... ~ ~ 
• f 
; 
t 
• f j 1 . 
:.. f t 
t"t,l 1.... .. f L-L 
• !,I i 
'I! :,.; 
; , ;. •. I.,; 'i I -i 
1-"" 
'I If.· .. I, 


, 
-. ... 
't- ~ 
l -+ ' 
! ! •. ....... ..- 1 .... · • 'r· 
.. f.. J. l .. 
• i !.I 
1.1 
• i . 
: I . 
d 
,..i. 
j: - 
q.... . :" .. 


4000 
; ... ,.j. ,." 
: ... 
• i •• 
• ! 
~ .. 
. 
: 
I 
: 
• 


4 
, 
• 
j •• 
"~t ' ... 


. i ... 
. 
~ . . 


•• I 
• 
• 
, ... 
::; OJ' 


, i . * 
" • , .. 
1;;3000 
• : ' • 
;, t • ; 
"'I' ,;, i 1 ~,i 
\";' 
l.' " 
",. I.,. 
'. 1- 
I'~ j .j' 
....' 
II: 
;:) 
CD 
: f-t ~ 
~ t·' t 
; 
~ .·1 
" !. 
!-. f 
.: + t 1_ 
, .• 1. t·. *.... 
~".~t· t·-. ,.!t 


It. 
·"f ~ ... ; 
o 
Ill. 
... 
i ,: i ! 
% 
...... 4 
c:I 20G0 -+;~tIf..~~~ 
I 


fooo -P.~~~~~IIJIIIIIII~~+-"- 


1000 
2000 
3000 
• 
4000 
5000 
6000 
7000 
GROUND DISTANCE (flit' 


f.igu,. 2-18. II Puk Overpreaum at the Surface for • 1 kt Burst Over a Neat-Ideal 
Suiiace, Low Overpre.lSUre Region _ 
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Figure 2-21. II 
Pelk Ovel'pl'ftSS1lm at the Surface for • , let Burst Over a Thermally 
Nonidell SUrfaa, High Overpressure Region II 
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Figure 2-22. II Peak Overpressures .. the Surface for I 1 let Burst Over I Thennany 
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Problem 2·10. calculation of Peak Dynamic Pressure at 1.be Surface 


• 
Figures 2-24 through 2-26 show peak 
dynamic pressure at the surface as a function of 
height of burst and horizontal distance from 
ground zero for a 1 kt explosion in a sea level 
atmosphere. Figure 2·24 is based almost entirely 
on theorv and applies to peak dynamic pressure 
in the very high overpressure region at an ideal 
surface. Dust loading effects are not included in 
the curves of Figure 2-24. Figure 2~2S shows the 
peak dynamic pressure at the surface under light 
dust conditions. while Figure 2·26 shows similar 
data under heavy dust conditions. Figure 2-27 
shows a comparison of the data from Figures 
2·24 through 2·26 for a 1 kt explosion at a 


--height of burst of 200 feet. A discussion of the 


COilrisons is given in paragraph 2-2S. 
Scaling. For yields other than 1 kt. the 
ground distance and height of burst for any spe- 
cific peak dynamic pressure scale as follows: 


where d1 and hi are the distance from ground 
zero and height of burst, respectively. for I kt. 
and d and h are the corresponding distance and 
height 01 burst for a yield of W kt. If the surface 
is above 5,000 feet, or if the surface atmospheric 
conditions differ from standard, the altitude 
scaling procedures given in paragraph 2·14" 
ShtCu 
d be used. 


Example 
iven: A II\t explosion 3,000 foet 


above a light dust surface. 


Find: The peak dynamic pressure at a dis- 
tance of 6,000 feet from ground zero • 


. 
' 


Solution: The corresponding height of 


burst and ground distance from a 1 kt explosion 
are 


h 
,;";000 
hI 5-=' 
I: 550 feet, 


W1/s 
(160)1/3 


d. tIl:.-!!.- = 6·CXX:'3 = 1,100 feet. 


W1/3 
(160) 
Answer: From Figure 2-25, the peak dy- 
namic pressure corresponding to a height of 
burst of SSO feet and a distance of 1.100 feet is 
about 3 psi. Since this value of peak dynamic 
pressure is below 6 psi. the actual value (see 
"Reliability" below) may be between that shown 
for ground distances of 1,100 :t:25 percent 
(1,37S and 825 feet) or between about 1.5 and 
7 psi; however. since the reliability estimates do 
not extend to yields above SO kt, the precise 
limits cannot be stated . 


• 
Reliability: Distances for peak dynamic 
pressures below 6 psi are estimated to be l'Caable 
within :t:25 percent. For dynamic preSsures 
above 6 psi, the distances in Figure 2·25 (light 
dust) are estimated to be correct within :t:SO per- 
cent; and distances in Figure 2·26 (heavY dust), 
to within +100 percent, or-SO percent. The reli- 
ability of Figure 2-24 has not been estimated. 
These reliability f18UfCS apply to yields between 
1 and SO kt. Outside this fanse of yields, scaling 
atmclu,," additicmal error. 
Related Material: See paragraphs 2·13 


t ou 
2·15, 2·17 throush 2-23 and 2·25. See 
also Tables 2·1 and 2·2 when atmospheric condi- 
tions at the surface differ from standard sea level 
conditions. 
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Figure 2-24. II Peak Dynamic Pressure at the Surface from I 1 kt Explosion 
Over an ldell Surf.ce tI 
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Puk Dynamic Pressure It the SurfIl'8 from • 1 Itt Explosion 


'. II' I Surflc:e with Light Dust eonctitiens II 
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Figure 2-27. II Comparison of Predicted Ideal, light-Dust. and H,my-Dust Dy!18mlc 
Pressures for a 1 kt Explosion at a Height of 
Burst of 200 feet in a Sea level Atmosphere II 
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Problem 2·11. 
Calculation of the Time of Arrival of 
a Blast Wave at the Surfa"» 


• 
Figures 2·28 through 2-32 show the time 
of amval of a blast wave as a function of height 
of burst and horizontal distance from a 1 kt 
explosion in a sea level atmosphere. Figures 2·28 
and 2-29 apply to bursts over thermally near- 
Ideal surfaces while Figures 2·30 through 2-32 
ap~o bursts over thermally nonidea1 surfaces . 
., 
Scaling. For yields other than 1 kt, the 
time of arrival, ground distance, and height of 
burst scale as follows: 


where 11' d t , and hi are the time of nmval. 
ground distance and height of burst, respectively 
• 
for 1 kt and t. d. and h are the corresponding 
time and distances for a yield of W kt. If the 
surface is above 5,000 feet, or if the surface 
atmospheric conditions differ from standard, the 
altitude scaling procedures given in paragraph 


_ 
Example 
2·14 should be u~ 


~iven: An 8 t explosion 400 feet above a 


thermally nonidea! surfact" 


Find: The time of arrival of the '.>last wave 


<it " horizontal distance of 1,200 ft:et from 
ground zero. 


Solution: The corresponding hcigbt of 
burst and ground distance for a 1 kt explosion 
are 


hi = -1L II: ~ 
= 200 feet. 


W1/3 
(8)1/3 


1.200 = 600' feet. 
(8)1/3 


From Figure 2-31 t the time of arrival of a blast 
wave at a ground distance of 600 feet from a 1 
kt explosion 200 feet above a thennally non- 
ideal surface is 0.1 S seconds. 
Answer: The corresponding time of arrival 
for an 8 kt explosion is 


t II: t 1 wI/3 = (0.1 5)(8)1/3 = 0.30 sec. 


Under the specified conditions the ground range 
is reliable to within % 1 S percent (see "Reliability" 
below), or the 1 kt ground distance could vary 
between S 10 and 690 feet, providing arrival 
times from a 1 kt explosion of 0.12 and 0.19 
seconds. The time of arrival from the 8 kt explo- 
sion may therefore be expected t(\ fall between 


t = t J W1/l = (0.12)(8)1/3 = 0.24 sec, and 


t = t! Will = (0.19)(8)1/3 = 0.38 sec, 


with an expected value of 0.30 seconds as pre- 
villUS calculated. 


Reliability: Over near-ideal surfaces, the 


ground distance for a given arrival time is esti- 
mated to be reliable within %10 percent. Over 
nonideal surfaces, two reliability estimates have 
been made: in the region of Mach reflection and 
for times less than about 0.8 sec per· kt, the 
ground distances are estimated to be nliable 
within %15 percent; at later times or in the 
region of JelUlar reflection, the values are about 
% 1 0 percent. These reliability estimates apply to 
yields between 1 kt and 1 Mt. Outside this range 
of yields, the curves may be used with somewhat 
less confidence • 
... Related Mate1'lll1: See paragraphs 2·13 
thIft!ih 2-15 and paragraph 2-26. See also 
Tables 2-1 and 2·2. 
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Figure 2-29. II nme of Anini of the BIIIt WiVt Along the Surface from I 1 kt Exploslolil 
Over I Nnr-ldeal Surface. Low Owerpressure Region • 
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Figure 2-30. 11 Time of Arrlva' of the BIIIt WIVI Alont the SUrflCt from • 1 kt 
Explosion Over a Thermllly Nonkleal Surface. Very High Overpressure Region 11 
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Problem 2-12. calculation of Positive Ph .. Duration 


of the Blast Wave at the Surface 


• 
Figures 2·33 and 2-34 show the duration 
of the positive phase of the overpressure pulse at 
the surface as a function of height of burst and 
horizontal distance from ground zero for a 1 kt 
explosion in a sea level atmosphere. The two 
fIgures are for near-idea1 and thennatly nonid~al 
surface C'..onditiQns, respectively. Positive phase 
duration of the dynamic pressure pulse may be 
estimated from data obtained from Figures 2-33 
and 2·34, and Table 2-4. 
II Scaling. For yields other than J kt, the 
duration of the positive overpressure, height of 
burst, and distance from around zero scale as 
follows: 


where t; l' hi' and d 1 are the positive overpres- 
sure duration. height of burst, and ground dis- 
tance for a 1 kt explosion, and t;. h f and dare 
the corresponding time and distances for a yiald 
of W kt. If the surface is above S,OOO feet, or if 
the atmospheric conditions at the surface differ 
from standard conditions, the altitude scaling 
nrocedures given in paragraph 2-14 should be 
used. II ExamPle. 


G:ven: A 160 kt explosion 2.700 feet 
above a thermally nonideal surface. 
Find: The positive overpressure and dy- 


namic pressure durations a~ the surface 9,000 
feet from around zero. 


Solution: The corresponding height of 
burst and ground distance for a ikt explosion 
are 


hi =_h_ = 2,700 = SOO feet 


W1/3 
(160)1/3 
• 


d1 = ';/3 =. (::/3 =. 1,660 feet. 


From Fisme 2-34, the positive overpressure du- 
ration corresponding to a height of burst of SOO 
feet and a ground distance of 1,660 feet is about 
0.3 seconds for a 1 kt explosion. From Table 
1-4. the corresponding duration of the positive 
dynamic pressure is 0.39 seconds. 


Answer: The corresponding positive over- 


pressure Wld dynamic pressure duratiorts for a 
160 kt explosion are 


t+ = t+ WI/3 =. (0 3)( 160,1/3 
I 6 
d 
p 
pI 
., = . secon s, 


,+ = ,. Wl/3 = (0.39)(160)113 = 2.1 seconds. 
q 
ql 


These are expected values. The range of possible 
values for the positive phase durations could be 
obtained by applying the uncertainties in around 
distance Biven below in "Reliability" by 
methods similar to those illustrated for time of 
anival in Problem 2-11. Since the uncertainties 
in t; are greater than for t;, the smaller value of 
,+ may be less than the smaller value of t;. In 
tllis case, the smaller value of t; should be used 
as the lower Umit for ,; since the dynamic pres-- 
sure positive phase is expected to last lonser 
:l 


tbe overpressure positive phase. 


ReliabilIty: Figures 2·33 and 2·34 were 


cons rueted entirely from experimental data. 
Since overpressure usually is changing slowly 
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.. 


• 
when it passes through zero, the exact time 
marking the Pond of the positive overpressure 
phase is difficult to detennine experimentally, 
and the uncertainty of the curves, in terms of 
ground distance, is large. Ground distance for t; 
obtained from these curves is estimated to tie 
reliable within ::25 percent for durations of 300 
msec or less and within ±50 percent for longer 
durations. Use of Table 2-4 to obtain values for 
:+ g!'.'c:; S!"o'!lnd distances estimated to be within 
:1:30 percent for durations of 390 msee or less 
and within ± 1 00 percent for longer durations. 
The positive dynamic pressure phase is expected 
to last longer than the positive overpressure 
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pha1e. 77terefore. the lower limit for t; should 
be no smaller than the lower limit calCUlated for 
t;. For near-ideal surface conditions, these esti- 
mates apply to a yield range between 1 kt and 
20 Mt; for nonideal surface conditions, the esti- 
mates apply to a yield range between 1 kt and 
SO kt. The curves may be used outside this range 
of yields with somewhat less confidence. 
II 
Related Material: See paragraphs 2-13 
through 2-15, 2-11 through 2-23 and 2-27. See 
also Tables 2-1 and 2-2 when atmospheric condi- 
tions at the surface differ from standard sea level 
conditions. 
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Figure 2-33. • 
Dunnion of Positive Overpressure at 'the Surface 
from • fir.: Explosion Over I Ne .. -ldelt Surface til 
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Figure 2-34. II Duration of Positive Overpreuure It the SurfIIce 


from a t let Explosion Over a Thermally Nonidtaf Surface • 
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Problem 2·13. calculation of Positiva Onrpreaure 
Impul" at the Surt.ce 


111 Figures 2-35 and 2-36 show the positive 


overpressure impulse at the surface as a function 
of height of burst and the horizontal distance 
from !'lound zero for a 1 kt explosion in a sea 
level atmosphere. The two figures appJy to near- 
ideal and thennally nonideal surface conditions, 


.,il~!i"B. For yields otber tban I kt, the 
potil Ive overpressure impuJse t height of burst, 
and distance from ground zero scale as fonows! 


where 11' hI t and d1 are the positive pbase im- 
pulse at the surface, height of burst. and dis- 
tance from ground zero, respectively, for a 1 kt 
explosion, and I. h. and d are the correspond: 
impulse and distances from a yield of Wk •. 1.1 
the surface is above S,OOO feet, or if tbe atmo- 
spheric conditions at the surface differ from 
standard conditions, the altitude scaling proce- 
d_given in P~h 
2-14 should be used. 
,... Exampk 
. 


Gtv,n: A 30 t explosion 1,000 feet above 


a thermally nonideal surface. 


!,,!::c!: The overpressure positive phase 


impulse along the surface 6,000 feet from 
I.TOund zero. 


Solution: The corresponding Might of 


burst and gro\\Dd distance for a 1 kt explosion 
are 


"l =.1!- == l,oot) = 320 feet. 
W1/3 
(30)113 


d 
== ....!L.. == ~.QOO == 1,930 feet. 


I 
Wl/3 
(30)1/3 


From Figure 2-36. the ovel'pJessvJ'e ~mpulse 
1,930 feet from ground zero of 1 kt explosion at 
320 feet is 0.55 psi-sec. To account for unpre- 
dictable variations in overpressure impulse, the 1 
kt ground distance should be taken to be 1,930 
±20 percent (see "Reliability" below), i.e., 
1,540 to 2,320 feet. From Figure 2-36, the over- 
pressure impulses at these distances are 0.70 and 
0.45 psi-sec, respectively. 
Answer: The overpressure positive phase 
impulse from the 30 kt explosion will be be- 
tween 


I = 11 W1/l = (0.70)(30)1/3 = 2.2 psi-sec. 


and 


& W1/3 I: (0.45)(30)113 I': 1.4 pSi-sec. 


with an expected value of 


1 = 11 WIll = (0.55)(30)1/3 = 1.7 psi-sec. 


• 
Reliability: The overpressure impulse 


contours in Figures 2·35 and 2·36 are estimated 
to be reliable within 1:20 percent of the indi- 
cated around distance. For near-ideal surface 
conditions, this. reliability estimate applies to 
yields between i kt and 20 Mt and burst heights 
for 1 kt below 1.000 feet; for nonideal surfaces, 
the estimates apply to yields between 1 kt and 
SO kt and burst heights for) kt below 1,000 
feet. Outside this range of yields and burst 
heights, these curves may be used with some- 
what less confidence. 
• 
Related MaterlDl: See paragraphs 2·13 
thioiIjh 2-15, 2-17 throup 2-23 and 2·28. See 
also Tables 2-1 and 2-2 when atmospheric condi- 
tions at the surface differ from standard sea level 
conditions • 
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Figure 2-35. II Positive Overpressure Impulse at the Surf.at 


from I 1 kt Explosion Over I Near-Ideal Surface II 
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Problem 2·14. Cllculatlon of Mach Stem Height 


• 
Figures 2·37 and 2-38 show the height 


of the Mach stem as a function of horizontal 
distance from ground zero fOf several heights of 
burst for a 1 kt explosion in a sea level atmo-- 
sphere. These curves, in effect. show the trajec- 
tory of the triple point (paragraph 2-18 and 
2-tIi SClJling. For yields other than 1 kt. the 
),f'!!l stem height, height of burst, and ground 
distance scale as follows: 


H 
h 
d 
- 
>= -a_ 
a W1l3, 
H) 
hi 
d1 


_ where H), hI' and d 1 are the height of the Mach 
stem. the height of burst, and the distance from 
ground zero, respectively, for a 1 kt explosion, 
and H. h. and d ;ue the corresponding distances 
for a yield of W kt. If the surface is above 5,000 
feet, or if the atmospheric conditions at the SUf- 
face differ from st~mdard conditions, the alti- 
tude scaling procedures given in paragraph 2-14 
should be used. .. 


_ 
Example _: 
-rriven: A 5S kt explosion 1,000 feet above 


the surface. 
Fin": The ground distance beyond which 
an aircraft flying 500 feet above the surface will 
be in the Mach reflection region. 
Solution: The corresponding height of 


bum: and Mach stem height for a 1 kt explosion' 
are 
h 
1,000 
h1 '"' -:::: 
a 260 feet, 


Wl/3 
(55)1/3 


H 
500 
HI --- - 
• 130 feet. 
W1f3 
(55)1/3 


2-78 


Interpolation between the curves of Fipre 2·37 
shows that a 1 kt explosion bunt at 260 feet 
wUl have a Mach stem height of 130 feet when 
the triple point is at a ground distance of about 
750 feet. 


Answer: The corresponding ground dis- 


tance for a 5S kt explosion is 


d =: d1 Wl/! = (750)(55)1/3 = 2,850.feet. 


Since this yield is close to the upper limit at 
which a ± 1 0 percent tolerance applies (see "Reli- 
ability" below), the distance may reasonably be 
expected to be within about ± 15 percent (± 
about 430 feet). Therefore the Mach stem height 
may reasonably be expected to exceed 500 feet 
at a ground range beyond about 3,300 feet. 


• 
Reliability: The range at which a given 
Mach stem height is shown to occur in Figures 
2-37 and 2-38 is considered reliable within :1: 1 0 
percent for yields between 1 kt and SO kt a.'ld 
within :t2S percent for yields up to 20 Mt. This 
decrease in confidence with increasing yield re- 
sults from the lack of knowledge concerning the 
effect of atmospheric nonhomogeneity on the 
triple-point ~ectory. It is suggested that no 
correction be made for burst altitude; however, 
when the data are applied to high-yield air 
bursts, the results should be treated with some- 
what Jess confidence. 
II 
Related Material: See paragraphs 2·13 


through 2-15. 2-17 through 2023. and 2·29. See 
also Tables 2-1 and 2-2 when atmospheric con- 
ditions at the surface differ from standard sea 
level conditions. 
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2·30 Criteria for Precursot' Formation • 


• 
Figure 2·39 shows heig.1tts of burst at 
w nch an explosion over a thermally nonidea1 
surface is likely to produce a precunwr. As indio 
alted in Figure 2-39, bursts hisher tilm 800 
14'1/3 feet are not expected to fomt a preCll..tSOr. 
This is the maximum height that will produce a 
precursor over asphalt, a surface that .produces a 
precursor more readlly than any other that has 
been tested. A b)~fSt below 650 W1/ l feet wm 
produce a precursor over desert sand. Since 
aesert sand is considel'od a more typical nonideal 
surface than asphalty it provides the basis for 
predicting precursors over most thermally non- 
ideal surfaces. 


_ 
Figure 2-39 also shows that a burst may 


be'ro'low to produce a precufBOJ' as well as too 
high. At the ranges where a preCUJ'sor might 
form. a contact surface burst of less than 30 kt 
is not expected to heat th" surface sufficlent'v 
to produce a strong them~aJ layer; higher yields 
may create precursors over thermally nonidei1 
surfaces. 


_ 
Theories suggest that precursor forma- 
tioJllrepends not only on the amount of themal 
energy ab~rbed by the surface, but also upon 
the time thai is available for the thennallayer to 
form before the blast wave arrives. When time as 
well as thermal energy density is considered, 
theory indicates that the thennal layer and its 
influence on the blast wave might scale approx- 
imate-Iy as 14'1/3 t as indicated in Figure 2·39j 
however, no theory has yet been deveioped that 
explains the criteria for precursor formation in a 
completely satisfactory manner. For t~ reason, 
these criteria must be based on experimental 
data. Precursors have been observed from yields 
as bish as 1 S Mt; however, the yields that have 
been detonated between about 650 W1/3 and 
800 14'1/3 feet above the surface, end therefore 
the yields that are of value in confmnins these 
criteria for pNCUfSOr formation, are iimited to 
the range of about 1 to SO kt. Over this ranse of 


yields, the precursor seems to follow the cube 
root scaling; however, this may only result from 
the range of }f{elds for which data are available 
being inadequate to reveal deviations. No reli- 
ability tolerances can be assigned to Fipre 2 .. 30, 
but if the surface itt simUar to desert sand, pre- 
cursors may be predicted with reasonable accu- 
racy for yields between 1 and 50 kt. 


2··31 
DvM'pr8lSUr8 Waveforms • 
• 
The classical free air oveIpressure wave- 
form (p&.t'lgraph 2-12) is seldom found along the 
surface at overpressure levels above 6 psi. At 
higher overpressures, such waveforms approach 
the idea] for special surface conditions Sl.Jch as 
snow, ;t:e, and water (where thermal effects are 
normally at a minimum). Even for these sur- 
faces, minor mechanical effects may be present. 
For example, the rise time over water may noi 
be instantaneous, a.nd thele may be a slight 
r'Ounding of the peak of the overpressure wave- 
form. When these near-ideal conditions exist, 
overpressure wavef01'ms may be approximated 
b~se 
fOT free air, shown in Figure 2-8. 


_ 
in the simple case of ideal wavefonns in 
free 8U', all of the properties of the blast wave. 
and therefore its damage potential, may be 
determined by specifying the ambient atnlD- 
spberic conditions plus two blast p:1f9.meters (for 
example, peak overpressure and positive over- 
pressure impulse). When the blast wave loses its 
ideal characteristics, two other ~roperties of the 
overpressure ~'Waveform become important: (1) 
for most overpressure-sensitive targets, a gradu,al 
rise to a siven overpreuure is less destructive 
than the abrupt rise of an ideal pulse; (2) as a 
;msu]t of the sustained overp~ssurcs often found 
in nonideal wavefo:nns. a given peak overpres- 
sure may be usoeiated with a f4ur.;h larger posi- 


T tive impulse than if overpre':iSU:te pulse mape 
were ideal. Additional effect-; caused by changes 
in the dyn,.mic pressure wI',eform arc discuaed 
in suCCf,er.aina para&nphs. 
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II A seriesp!" eleven Y!~veforms character- 
istic of the .J!-k'st wave over a thennally nordde~ 
surface .~ shown in time sequence in Figure 
2-40. Although the evolution of a precursor is a 
continuous 1'1'OteSS, the wavefunns ,"aay be clas- 
sified loosely into five types, ~,corciing to th~ 
statf' of development of the yrecursor: 


Type I: Wavefonn tefote precursor forms (a) 
Type II: iJevelopment of the precuroor (b. c, 
d) 
, 
' 
iYtlc 111: Evolution ()! futiy developed pre- 
cursor (e, f, g) 
Type IV: Decline uf precun:or (h, i, j) 
Type V: ~5':ltum to neatly ideal waveform (k) 
.. 
Tne overpressure waveforms generdted 
un~ 
any particular set of conditions depend 


r.irongly on the degree to which nonideal surface 
effects interact with the blast wave. In seneral, 
the more nonideal the surface conditions, the 
more nonidea) will be waveforms near the sur- 
face. The waveforms shown in Figure 240 are 
tl-"ical for scaled heights of burst between 100 
and 400 feet over flat desert surfaces. Character- 
istics of these wavefonns are discussed below. 


• Type I - Just before the precursor forms, 
the waveform Q is relatively ideal. 


• Type II - 
As the precursor starts to de- 


velop, a separate shock front fonns in the 
tbennal layer and moves out ahead of the 
main shock. In waveform b these two 
shock fronts are nearly ideal but, as the 
precursor develops, its diverging flow pat- 
tern weakens its own shock front. At tbe 
same time, the growing precurscit inter- 
feres more strongly with the main blast 
wave. which apparently loses any sem- 
blance of a true shock front at the surface. 
Separation of the two peaks indicates the 
forward growth of the precursor; however, 
the second peak in waveforms c and d no 
longer marks the' exact position of the 
main blast wave. Typical changes in Type 


II wavefonns at early times are a rapid at- 
tenus' .• on of the fJIst peak and a rounding 
of ~~te·f!.econd pp'..ak. At later times, the sec- 
r .td peak is !1ttenuated more rapidly than 
the IlI'St, ami the flfSt loses its shock-like 
rise. The sJow ~decay after the first pellk in 
wavdorms. c and d is sometimes replaced 
by a plateau. 


• Type III - 
As the distance from ground 


zero increases, the peaks and valleys b~­ 
come poorly defmed. At close distances, 
the waveform e has a large rounded maxi- 
mum fonowed by a slow decay \ and a l~ter 
and smaller second peak. At longer dis- 
tances, the flfst peak is attenuated more 
rapidly than the second, and the two peaks 
become comparable in magnitude (0. The 
rise times also become longer. The second 
peak disappears at longer distances, leaving 
a low, rounded, flat-topped waveform g 
with a long initial rise and slow decay, dur- 
ing which there is considerable turbulence. 
This waveform is typical of strong pA~ 
cursor action. 


• Type IV - Farther from ground zero, the 
thermal layer becomes less intense, and the 
precursor begins to weaken and lose for- 
ward speed. The second peak reappears, 
and both peaks become sharper. The 
rounded plateau in waveform h and the 
step-like appearance of i are typical. As the 
main shock overtakes the precursor. the 
wavefonn assumes an almost classical fonn 
I with a sharp rise to a more or less level 
plateau, followed by an essentially regular 
decay. This waveform is typical of the 
"clean-up" portion of the precursor cycle. 


• Type V - 
After the 'precursor has dis- 
appeared. the pressure pulse again ap- 
proaches a classical waveform k. This 
wavefonn is Jollier than it would be if a 
precursor had never fonned • 
• 
Methods for detennining ground dis- 
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tances at which the waveforms described above 
will occur are described in Problem 2-1 S. 


2-32 
Dynamic 'Pressure Waveforms II 
• 
Dynamic pressure wavefonns at the sur" 


face approach the classical shape shown in Fig- 
ure 2·9 when the surface conditions are near- 
ideal. The conditions under which this occurs 
are more restricted than those for overpressure 
waveform. Differences result from surface condi- 
tions that do not lead to precursor formation 
but do lead to dust or spray loading of the air. 
Such surfaces are expected to modify the dy- 
namic pressure waveform without changing the 
ov.ssure waveform to any great extent. 


Dynamic pressure waveforms that ap- 


pear over thennally nonideal surfaces are more 
difficult to measure than overpressure wave- 
forms, and the measurements are s'Ubject to 
wider vatiations. For these reasons it is not pos- 
sible at this time to provide a figure that shows 
zones in which various waveforms can be ex- 
pected. However, representative waveforms have 
been wnstructed (Figure 2-41), and tentatively 
have been classifiec into five categories: A. B, C, 
D, and E (letters rather than Roman numerals 
are used with dynamic pressure waveforms to 
emphasize that the various types cannot be di- 
rectly correlated with the waveform types used 
to classify overpressure wavefonns). These wave- 
forms are discussed below. 


• Type A - 
Before the precursor forms, 
the waveform is relatively ideal (1). 


• Type B - 
As the precursor starts to 
develop. the waveform shows two distinct 


peaks. The fnt, corresponding to the pre- 
cursor. has a sbock type rise in most cases. 
The second is larger than tbe fust at close 
distances (waveforms 2 and 3). but at 
longer distances (waveform 4) it becomes 


com~81able in magnitude to the fnt. 
• Type C - As the precursor becomes funy 
developed, the waveform retains its double 
peak but lares its rapid initial rise time. 
Actual record traces have a very turbulent 
appearance. The second peak is smaller 
than the fmt (5) and tends to become in- 
definite with in~asing distance (6). 


• Type D - 
As the precursor becomes 
weaker. the waveform as.c;umes an essen- 
tially 1inglc peaked form, cb81acterized at 
close distances (lYavefonn 7) by a low- 
amplitude plateau with a slow rise. Actua] 
traces have a very turbulent appearance. 
As the distance from ground zero increases 
(waveform 8), the turbulence lessens, anr! 
the plateau develops a shock rise with 
either a flat top or a slow steady increase 
to a second shock rise, followed by a 
smooth decay. The second shock eventual- 
ly overtakes the fmt (waveform 9), leaving 
a smooth, clean trace with a slight round- 
ing after the initial shock type rise. 


• Type E - 
After precursor cleanup, the 
waveform (10) resumes its approximately 
classical shape. Positiv,," phase duration is 
Jonger than it would be at this distance if a 
preCU1'SOr had not fonneci. This tonser du- 
nnon is more marked for dynamic pres. 
sure than for overpressure. 
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Problem 2-15. Calculation of Distances for Ov..".....re 


Waveforms In the Precunor Region 


I 
Figure 2-42 shows zones, deimed by 
he 
t of burst and distance from ground zero, 


wherein overpressure waveforms depicted in Fig- 
ure 2-40 might be expected to occur from a 1 kt 
explosion over a thermally nonideal surface. 
Neither the waveforms nor the ranges at which 
they occur can be predicted reliably for all 
conditions. The waveforms will be modified as 
height of burst changes; if the scaled height of 
burst is above 400 or below 100 feet, the wave- 
forms may differ significantly from those shown 
in Figure 2-40. Any other surface effect that 
modifies the precursor also will modify the 
waveforms. For example, distortion of the over- 
pressure wavefonn will be less severe if trees or 
shrubs decrease the velocity of the surface winds 
required for precursor formation (other surface 
interactions are discussed in paragraphs 2-20 
through 2-22). Moderate thermal effects may 
produce disturbed waveforms that are neither 
ideal nor as extreme as those shown in Figure 
2-40. Information from Figures 2-40 and 2-42 
should be considered a useful guide. not an infal· 
6blrediCIIon. 


Scaling. For yields other than 1 kt, scale 


as 
ows: 


where hI and d1 are the height ofbursfand the 
ground distance ftr I kt, and h and d are the 
corresponding distances for a yield of W kt. If 
the sutfa.ce is above S,OOO ieet, or if atmospheric 
conditions at the surface differ from standard 
sea level conditiclns, the altitude sealing proce- 
dures described in p~ph 2-14 should be 
used. 


II Example- 


Given: A lOO'!rexplosion 600 feet above a 
thennally nonideal surface. 


Find: 
a. The ground distance to which a pre- 
cursor may be expected to extend. 
b. The waveform to be expected at the 


surface 1,800 feet from ground zero. 
Solution: The corresponding height of 
burst for 1 kt is 


h 
600 
h = -= 
= 130 feet. 
I 
WI!3 
(100)1/3 


a. From Figure 2-42, the precursor zone 
extends to approximately J, 130 feet for a 1 kt 
explosion at a height of 130 feet (the zone indi- 
cating 8 Type V w8vefonn shows the region 
where precursor characteristics disappear and 
the waveform approaches the classical shape 
(Figure 2-40)). 
h. The ground dirtance for a 1 kt explo- 
sion corresponding to 8 drstance of 1.800 feet 
for 100kt is 


d 
1,800 
d = - 
:: 
= 390 feet. 


I 
Wl/3 
(l00)1/3 


Answer: 
a. The distance to which a precutSor may 
be expected to extend from ground zero of a 
100 kt explosion at a helght of 600 feet is 


d == d. Wl/3 = (1,130)(100)1/3 = 5,240 feet. 


b. From Figure 2-42, a distance of 390 


feet from ground zero of a 1 kt explosion at a 


.. • 
height of 130 feet falls within the zone corre- 
sponding to wavefonn II. This same wavefonn 
would be expected at a distance of 1 ,80~ feet 
frowa 100 kt burst at a height of 600 feet. 


Reliability: Specific reliability figures 


have not been set on the boundary positions in 
Figure 242. The zone boundaries are derived 
primarily from full scale tests over desert sur- 
faces. Overpressure w8vefo~s over other sur- 


faces are subject to the variations noted above. 
Yield scaling is uncertain outside the range of 1 
kt to SO kt. but should be used in the absence of 
confmning experimental data. Altitude scaling is 
also a questionable procedure. but it should pro- 
vide reasonable results for surface altitudes be- 
101,000 feet. 
Related Materlal: See paragraphs 2-12, 


2· 
brough 2-22. and 2·31. 
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2·33 Effect of Rain and Fog 


on Overpressure III 
• 
The effects of atmospheric moisture on 
blast propagation are not well knownj however, 
theoretical studies agree q'llalitative!y with the 
small amount of experimental data. As a strong 
blast wave propagates through air containing 
water droplets it vaporizes some or all of the 
water. Vaporization of the water absorbs energy 
tllol oth",rwise would be available for the blast 
wave to propagate through the air.· As a result, 
the blast wave is attenuated more rapidly in air 
that contains water droplets than in air that does 
not 


• 
The effect of water droplets on peak. 
overpressure may be calculated in terms of effec- 
tive yield. This procedure is used to obtain lower 
calculated overpressures at some distance from 


.. "the burst. Rain or fog has a negligible effect on 
the amount of available energy close to the nu- 
clear source. The energy density within the rue- 
ball is orders of magnitude higher than the ener- 
gy required to vaporize whatever water may be 
present, and the amount by which the sus- 
pended liquid increases effective air density. 
even under the extreme conditions within clouds 
'Producing severe thunderstonns. is not likely to 
exceed 2 percent. 
II 
Figure 2-43 shows the effective yield for 


~!~.... J 1 ... !.:!~ .i.~d two conditions of moisture con- 
tent. Examination of these curves reveals several 
trends: 


• The attenuation produced by heavy rain i$ 


greater than the attenuation produced by 
Ught rain or fog. 


• Effective yield decreases as overpreSSUl-e 
decreases, i.e., it decreases as 
di~tance 


(and, therefore, the amount of min 
through which the blast wave mlilSt propa· 
gate) increases . 


• At any overpressure level, the blast wave 


from a 1 kt burst is attenuated less than 


the blast wave from the two other yields. 
This difference results from the shorter 
distances for the 1 kt blast wave. Light 
rain or fog attenuates the blast wave from 
a 1 kt explosion to such a small extent 
that the curve is not included in Figure 
2-43. 


• At a given overpressure level. the blast 
wave from a I Mt burst is attenuated less 
than the blast wave from a 125 kt burst. 
This effect, upposite to that described 
above, probably results from the relatively 
large amount of hydrodynamic energy car- 
ried by the long-duration blast wave from 
a 1 Mt source. 
III The curves shown in Figure 2-43 are bas- 
ed on the assumption of uniform water content 
between the source and the target. In an actual 
rainstorm, this assumption is artificial. Typical·· 
Iy, water content is several times as high within it 
rain doud as it is below th~ cloud, but without 
such an assumption tbe analysis of rain effects 
would be undul), complex. Aetua] water distri- 
bution patterns are compJex, dim::rent for d'lf.,· 
ferent rainstomls, and genf:raJ1.y unpredicub'ie. 
The water densities used in the calculationl1 c,u- 
respond roughly to precipitation rates of 0.1 fillld 
O.S inches per hour. 
_._- 
•• AI • blast 'RaW proplPtos tbroup air. it oontimloully 
expends hydlol1ynamic fJllefl)' at the Mock front to CtIolnpress 
and a=lomtc UIC lit finteriq the blast wa"". At tile 11m!!: time, 
fhe lit behind tIte front expands and deccleiltes, thcl'Cby 'return- 
IAI eftll1Y to Ute blatt 111,W. The flow of orAllY in a weal! !lbock 
'Nave leler:t'blet that in • IOlIIld wave. ne expandinU lit returns 


n~rl)' all or 'the eUIIJ71:Y that it re""nlld when it ent,:rod the 


I~.ck 1ror4t. (X,IlIe'lUe'Bt)y. the IlItteU1Il&tiOl'l of weak bJlLU WllveS 
is _ 
priaci1}11b! to lpb:rical ,nterlm,,,,, On the cttlelf h'md, 
ff.rC'ID8 .hock waDS 10 Ie Iippl1~eitbJe Oftlll:Y. V.caute ttl' wilden 
clCImpip:rllion It t'he lIIoct ftOlit 111 palliall' irrnerllblc. ThM.'J, thl~ 
ollpandin,g'arr bJYOM, tite tuoll\lj mo.:' b01\lt ftltllmllie .. CJi\ClIIY' 
tIwI .'as ftlluir~ to comprelS :"11, an4 tJulC cOIT1'I1JllOr111ln& !~ftlJI.lY : 
!kill cUDtribllte~ to the a'tul!lllllf,ba "..r U>e Uifi WlVqJ. U' 4ho ,dr' 


~~Dea'IIlS "ater c1torJlctl, tiIIt lAUlt'llf Itllltrat1 td Il'ro·ra thr. bbllt: 


11/"~ wben the _till' euPOJ1lUII U Illaftlll.m41o libe: JIU'IOII.nQ.It\8' 
.4r ,.hcm ~be Wl:tcr IlOJlAklilillll" hO'.e1IIllI:. coaCi. I14Jttio'l'l CiO::UII 'l1'lQ 
.':/11" £0 flllllllillltlli' IpJPllllda~ ."llt'V eel IIU' blat,. 'II'I'WI, 


\ 


• 


, _ 
Rain or fog effects should be evaluated 


on,y:hen the optimization of blast against soft 
targets is important. and then only if the rain or 
fog extends throughout a volume that includes 
both the target and the burst. HOB curves for 
thermally near-ideal surface conditions should 
be used with Figure 243 since thermal energy is 
attenuated by rain or fog and a wet surface is 
not expected to form a strong thermal layer. 
'II The effects of atmospheric moisture on 


~ . 
,. 
,{ 


" 


other blast parameters, such as time of arrival. 
positive-phase duration. and dynamic pressure 
are not wen known; however, theoretical consid- 
erations indicate that arrival times wnt remain 
essentially unchanged, positive-phase durations 
will be slightly reduced, and dynamic pressures 
will be slightly increased. Calculations for these 
other parameters should be made in the normal 
manner I without applying the yield conectiort 
factor obtained from Figure 2-43. 


Z"''':l 


Problem 2·16. calculation of Overpressure 


During a Rainstorm 


• 
Figure 2-43 shows the reduced yi~ld in 


percentage of actual yield, that should be used 
for overpressure calculations under conditions of 
rain and -fog. This figure should be used togetber 
with Figures 2-17 through 2·19 to obtain over- 
pressure values under conditions of rain or fog. 
II Scaling. Interpolation between the 
curves of Figure 2-43 provides the only yield 
scaling available. After obtaining an effective 
yield from Figure 2-43, the scaling procedures 
de.'bed in proble.-9 are applicabl~' 


Example 
Given: A SO 
explosion at a height of 


-. ---burst of 3,000 feet during a heavy rainstonn, 
Find: The peak overpressure 4,000 feet 
from ground zero. 


.. 


Solution: The corresponding heigbt of 
hurst and ground distance for a 1 kt explosion 
yield are 


hI =--.!L-. 3,000 = 815 feet, 


Wl/3 
(50)1/3 


d 
4,000 
dl =-!!;: 
-;:: 1,090 feet. 
'''./3 
(50)1/3 


From Figure 2-18. the peak o,'crpressure expect- 
ed in clear air is about 13 psi. At this peak over.,,: 
pressure, Figure 2-43 indicates that the effective 
yield during heavy rain is about 84 percent for 1 
kt, 73 percent for a 125 kt burst. A probable 
effective yi.eld for SO itt should be between th~se 
values and may be about 77 :percent. Uncer- 
tainty in Ule degree of a1tenuation produced by 
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a rainstonn would cause the efrectiv,;! yield to 
vary according to the reliability estimates given 
below. 1bis calculation will detennine the most 
probable value of the peak ovetpressure rather 
than the upper and lower limits. The effective 
yield for further calculations is 


so x 0.77 = 39 kt. 


The corresponding height af burst and ground 
distanr,e for a 1 kt explosion are 


hI = ~ 
= 3.000 = 885 feet, 


Wl/3 
(39)1/3 


d 
4,000 
d1 =-:: 
= 1,180 feet. 


Wl/3 
(39)1/3 


Answer: From Figure 2-18, ihe most prob- 


able peak (wetp.-essure is J 0 psi. 


"'Rt~liability: Figure 2-43 is based on thea- 
reti:rcalculations and a limited amount of data 
from small scale field tests and laboratory ex- 
periments. Thus, a high reliability cannot be 
assigned to the curves of Figure 2-43. The upper 
limit of the effective yield is 100 percent of the 
actual yield, while the lower limit is estimated to 
be 60 percent of the value obtained from Figure 
2-43, If the burst is below or close to the clout! 
base in fairly unifonn rainfall, somewhat greater 
reliability might be expected, 


• 
Related Materilll: See pal'agraphs 2-24 


and 2·33. !:ee also Problem 2-9, 
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CALCULATED PEAK OVERPRESSURE IN CLEAR AIR fpIi' 


Figure 2-43. • 
Reduction of Peak Overpresalre et the $urfea by Rain 
or-rog--Near-JdeaI Surface Condltlc,'!1S tI 
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2·34 '.k Overpressure at the Surface 
of Deep Snow til 
fa When a shock front enters a layer of 
snow It is attenuated strongly. Drag forces on 
the snow crystals dissipate energy contain:;d in 
the wind behind the shock front. Tile I.mergy 
transmitted to the snow crystals is then t:onsum- 
ed in compacting the snow layer . 


• 
Reflection occurs at the top surface of a 
deep snow layer just as it does at a ground sur- 
face. Momentum is conserved in the interaction. 
and, in the case of a ground surface, the process 
is analogous to a light, elastic object striking a 
heavy one. The light object bounces away. re- 
taining most of the energy that it had before the 
collision. The, heavy object receives a small 
amount of energy. A blast wave striking the 


_ •• earth transmits only a small fraction of its ener- 


gy as ground shock; consequently. the earth's 
surface approximates an ideal reflector. A blast 
wave striking a snow surface is analogous to a 
ball bouncing from a heavy rug. The reflecting 
surface has a cushioning effect that makes it a 
P)l reflector. 
In the case of a thin layer of snow, the 
coning effect ceases when the pressure wave 
penetrates the snow layer, reflects from the 
ground surface, and propagates back to the snow 
surface. At this time, the snow layer is sup- 
ported by an internal pressure as high as the 
pressure produced by the blast wave reflecting 
from the surface; the reflecting qualities of the 
snow layer then approach the near~ideal refleet- 
int.ilalities of the underlying surface. 
. _ 
Neither theoretical nor experimental 
data are available on the effects of thin snow 
layers on a blast wave, however, a rough calcula- 
tion is enlightening. If a shock front in snow 
moves ~ith a speed comparable to that of sowld 
in air, a layer of snow one foot thick, struck by 
a normally incident blast wave, wllJ absorb ener- 
gy from the blast wave for about 2 milliseconds 
and wllJ have. the properties of a near-ideal re- 
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fleeting surface after that time. This 2- 
millisecond interval is appreciably long only 
when' compared with relatively sharp blast 
waves. For example, it might alter a 750 psi 
blast wave from a 1 kt source significantly. The 
overpressure pulse of this blast wave has an ef- 
fective triangular duration (see Figure 2-10) of 
about 20 milliseconds. At lower overpressures, 
the pulse becomes broader. For a given overpres- 
sure, larger yields than 1 kt also produce broa.der 
pulses. This compariSOon indicates the following: 


• If a blast wave with a very narrow pressure 


pulse strikes a thin layer of snow, the snow 
may alter the leading edge of the pressure 
pulse enough to reduce peak reflected 
overpressure. 


• In a more typical situation, i.e., one for 
lower overpressures and yields greater than 
I ktt a thin snow cover affects such a small 
portion of the overpressure pulse that peak 
reflected overpressure is essentially the 
same as at a near-ideal surface. 


• 
Presently available experimental data on 
the properties of blast waves over deep snow 
surfaces are based on high-explosive (HE) experi- 
ments. In all of the tests, the snow layen were 
sufficiently thick to react as though they were 
infmitely thick. The thinnest snow layers tested 
(7 inches) correspond to snow layers about 60 
WI /3 feet thick (W in kt). For an 8 kt burst, this 
thickness is about 120 feet. Since snow layers 
thicker than about 120 feet compres. .. to form 
glacial ice, the 7 inch snow layers have no real 
scaled counterpart for nuclear bursts larger than 
about 8 kt. 
II The available data for the effects of 
snow on the blast wave, when scaled for calcula- 
tions of the h.m wave from bursts larger than 1 
kt may be applied with confidence only to re- 
gions such as the arctic, where large areas ate 
covered by very thick lliow layers, 


{) 
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• 
Sraling HE data over sno'JI to the biast 
wave from :a nuclear tmn.i: i'nvolv~!l ~onsiderable 
uncertainty. 
Predictio~lS of peak overpressure 


over B deep sn'JW surface, are based on the fol- 
lowing reasoning: (1) the HE studir.:s S~10W that 
snow reduces the 81:ound distrnvJ tl) which a 
siren peak o'verpJ'essure extends by about 10 


Y'~rcent (this figure is never smaller than 0 per- 
. cent or greater than 20 percer,t); (2) HE data 
over snow are not 8,'ailable at points near 
ground zero. and thus. the experimental data faD 
to show how much burst height should be 
!;hld fo'c a given peuk ov'trpres~;ur.e. 


Fi!~ures 2-18 and 2·19 may be used to 
prec let peak overpressures ovrr deep snow by 
redl.lcing aU ground distances by 10 percent. 
tit One significant effect of snow cover is 
that it forms a thermally near-ideal surface. 


Cll~an mow reflects plost of the thermal radia- 
tion that $trikes it. Dirty snow absorbs more 


em>fg~' tha:n dean snow but it absorbs it in a way 
tholt 'is unlikely to produce a thermal1ayer. An 
exret'lmental study indicates that thermal fa,dia- 
tion from a nuclear' burst will melt a negligible 
amount (l·f a clean snow surface and that the 


wat~r f01'med will be absorbed quickly by the 
reillJining snow. 
. 
W. A.n importarat unknown is the degree to 


wru,M' propagation· tluough 5n9W lengthens the 
rise time of the overpressUl"e pulse. Even when 
sno", cover is not thick enough to reduce peak 
reflected overpressure significantly, a layer of 
snow covering overpressufwensitive targets may 
offer protection by reducing the sharprll:ss of 
thtl I)verpressure pulse. This effect may·,be par- 
ticnbrly important in evaluation of' ground- 
shook damage to buritd targets. 
~" in the llbsence. of confuming data .from 


mJ!~ar tests over fmow\ use of the curves in Fig- 
ures 2-18 and 2-19 nluli,t be reg.mied as tenta- 
tive. Ground distances oUaiued ff()m the cu:rves 
are entimBted to be reliable within :t25 percent 
for yields between 1 kt and 10 kt when used to 


,)redict peak overpressures over ltnow. Outside 
this range of yiei.ds, tlte curves may be used with 
somewhat less confidence: 


2-35 Pr.k Overpressure 8J..: Vnfiniwi 
Reflecting Surface • 
II 
Curves slrtowil1g peak refle:cted overpr.es- 


sure may apply to finite surfaces. such as the 
side of a building, or they ma)' apply t() the 
ear.thts sUI'face, which is effectively infmite i<:l 
extcnt. The Wle! types of curve!. resemMe one 
another ~r.cept at mgtes of incide!,lCC clore to 
900 t i.e., at gr84:ing mcidence (see fOfJtnob to 
paragraph 2·17 for a summary of the conven- 
tions used in specifying the angular orientation 
of refle;cting surfaces). At this ffatin8 angle of 
incidence, a fmite area produC'.e~, no enhance- 
Blent of the incident (.IverpreSSl..'lte, the i .;iden.t 


ov,~rpressure is sometimes cal1f..d the uside-on~' 
overpressure. 
II A reflec:tirlg surface that is infinite in ex- 
tent affects thl~ blast wave diJfenmtly. Figure 
2 .. 44 shows 'that the reflel!tion coefficient 
4p,IAIJ of such a surface at grazing incidence is 
greater than 1. A blast wave having an angle of 
incidence of e:x.actly 900 with a flat, infinite SUf- 
face 1s, by de'finition, a ccmtact surface burst. 
The surface of the earth confines the blast wave 
from a conta,:t surface burst to half of the 
volume it would occupy in f\iee air. As a Jesult, 
peak overpressure is higher ti,an it would be in 
free air; this fact is indicated by a reflectio~t1 c0- 
efficient greater than 1. 


_ 
}7igure 2-44 has two pu1s, torresponding 


to re re~ions of regular reflection and of Mach 
reflection. A peak occurs near the boundary \le" 
tween the two regions; at the lower incident 
overpressures. this peak shows a higher reflected 
overpressure than that produced by a blast wavt' 
striking a suffiCC head-on. The same phenome- 
non appears in the height-of-burst charts as the 
knee of an overpressure curve. 
_ 
A t incld~nt overpressures greater than 
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• 
5.000 psi. the curves in Figure 2-44 deviate from 
the regular pattern seen at lower incident over- 
pressures. These deviations result from the high 
temperatures produced at the shock front. 
which cause dissociation and ionization of the 
air atoms to absorb energy that would otherwise 
increase the pressure of the gas. 


_ 
The data in Figure 2-44 may be replot- 


ted to prepare a height of burst graph. An inter- 
mediate plot. consisting of a family of curves. 
each for a given angle of incidence should be 
plotted fust. Figure 2-45 shows. as an example, 
the curve fOT an angle of incidence of 30 
0 
• Slant 


ranges for this intermediate plot are found as a 
function of incident overpressure from Figure 
2-2. the overpressure-distance curve for free aiL 
The data from the intermediate plot may be 
transferred to the HOB chart by plotting slant 
range' and angle of incidence as shown in the 
in ,t 
of Figure 2-45. 
Such a transfonnation ~hould lead to the 


H 
chart shown in Figure 2-17; however, cer- 


tain disciepancies exist between that HOB chart 
and the data in Figure 2-44. The principal dif· 
ference is that the peaks shown at angles near 
450 in Figure 2~44 have been rounded off in the 
HOB chart since it is uncertain how we!! the 
data in Figure 2-44 describe toe actual reflecting 
properties of the surface of the earth for re~$ons 
described below. Although the peaks!.:hown in 
}I::'igure 2-44 probably occur, the 2r?gle at whic'h 
:!lC)' occur may be different from that indicated. 
Therefore, a transform?tion of every detaH of 
the curves in Figure 2-44 to the H(JB chart im~ 
plies a more detailed knowledge or. the shapes of 
the HOB cUJ"'.;es than actually e-xists. 
'" Uncertainty of the data In Figure 2·44 
aril'f"from the way in which these data had ~o 
be obtained. The Mach refle{;tic}t'>. portions of the 
curves in Figure 2-44 were obtainedtnec-· 
JeticaIJy. u~j.rag the !Jhock·wave equat;ons e.i10 thCl 
air equation of state given in Appcnd~:;; A. Th~ 
calculation is complex, involving succesrive ap. 


proximations that are most appropriately 
haled on a computer. 
A large portion of the regular reflection 


regJons of the curves were obtained experi- 
mentany. Many data points from nuclear tests 
document the low pressure curves at angles close 
to 90°, and theory plus a few data points were 
used to extrapolate the data to smaller angles 
and to the highest overpressures showl1. 


• 
Accuracy of the Mach reflection data is 


lim e 
because the calculations for these data 
were based on an ideal reflecting surface. When 
the burst height is low, errors may result from 
the resiliency of the earth's surface (or, in the 
extreme case. cratering). and from therma! {;ne!/'~ 
gy extracted from the fireball by absorption ut 
the surface. Dirt thrown into the cir m .. y alter 
blast wave properties. AccuraC'~; of the regular 
reflection data is limited by the diffi,;ulty of ob- 
taining a large number of ::.ccut'ate blast wave 
data points nt "'try high overpressures. These 
uncertainties arf' the reasons for smoothing the 
overpressure ~Jntours in Figure 2·17. They ate 
also the 
re:a~ons for omitting, as unrealistic, 
curves for r,ieak reflected overpressures higher 
than j 0,000 pst 


2·36 P,.ak Overprev.,ure BSr-J..8 Finite 
nefiooting Surface .. 
Since a finite surface roay cause either 
Of Mach reflecti()o!. the curves showing 
reflected overpressure at a finite surface resem· 


b~e thme 5RCwi.l1g r~fIected overpressure at un 
'infinite m.arfa~. 
\II Hgute 246 show£ curves of reflected 


. over'freszure illS a functjon of l~cak incident o';er- 
prn$iU'e. Thesit Cllf'/eS tppiy directly t~ the ro· 


fi~ction that OCc,urs at nat surfaces (e.g., sides of 
buHdingr.) when they are stru':K by the nearly 
vertical lihock front which characterizes the 
Mach stt'.'::la. Although the I'.'!U!"Ir(lS also may bt, 


u~d to determine peilk r~fieded overpressure 
from the incident free air blast w;.ve when regu·· 
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FiGure 2--46. II Pelk Reflected OvtrprellUre V.nus Sllnt R.nge 


for In Angl. of Incidence 'I of 3Jo II 
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tar reflection is occurring at the surface of the 
earth, they do not represent the total effect of 
multiple reflectIons that occur when this ~irect 
wave strikes the angle fonned by the earth and a 
vertical surface. 
II These curves only predict the 'Peak over- 
pressure produced when the shock front arrives. 
In many problems, the total wa,.-efonn produced 
by tht' bJp.st-target interaction also is important; 
however, the latter is a function of target dimen- 
sions as well as blast wave properties as discussed 
in Section n of Chapter 9 and Section I of 
Chapter 11. 


2·37 reak Over;M'essure It Rising 


end Falling Slopes 
(U) 


• 
If a shock wave tMt is travelling along 


--the ground surface encounters a cp'\nge in sJope, 
the characteristics of the ShO(;K wave will 
change. If the ten1lin is characterized by large 
changes of slope, the changes in the blast wave 
can be significant. They can result in an over- 
pressure increase by morp. than a factor of two 
oflcerease by more than a factor of three. 
Interactions with real topography can be 


excee ingly complex. Therefore both experi- 
mental and theoretical studies have, for the most 
part, dealt with idealized, simplified terrain fea- 
tures. Techniques have been devised for predict- 
mg me cnaracleristics of the shock waves that 
encounter changes in terrain, and methods for 
applying these techniques to real terrain have 
been devised. 
' 
I 
lf the level terrain in front of a slope is 


in 
c region of Mach reflection. the blast-wove 
incident on the slope wlll have a nearlY vertical 
shock front, the Mach stem. (The nearly hemi- 
spherical shock front produced by a contact sur- 
face burst is considered a special case of an 
incident Mach stem.) If the level terrain in front 
of the slope is in the region of re,"'l1ar reflection, 
the rust shock front striking the slope is the free 
air blast wave from the nuclear source. This 
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shock front is not vertical, but fonns an angle of 
less than 90° with the level ground in front of 
thlpe· 
When the nearly vertical Mach stem 
st 
es a rising slope, the incident ,,'ave undergoes 


either regular (two-shock) or Mach (three-shock) 
reflection, depending on the angle that the slope 
makes with the surface over which the shock 
wave has been moving and on the strength of the 
incldtnt shock. For a falling slope, diffraction 
always occurs; the shock wave CUl'Ves to orient 
itself normal to the slope. Differences between 
regular and Mach reflection on a rising slope are 
illustrated in Figure 247. Diffraction on a faU- 
ing slope is Ulurrtrated in Figure 2-48 (in these 
figures, the sho.:k wave direction of propagation 
is assumed to be normal to the slope contours) . 


• 
SbnDar interactions occur when the di- 


re~ Ion of shock wave mntion makes an angle 4J 
with the line of steepest ascent or descent. The 
geometry of such an interaction is shown in Fig- 
ures 2-49 aJld 2-50. In these fi,gures. the angle 
that is impc>rtant is 8, the effective slope angle. 
Its relationship to (J •• the slope angle is 


sin 8 :: sin 8 cos ~ 
I 


This relationship is plotted in Figure 2-51. The 
relationship holds for both rising and falling 


When a Mach stem encounters a rising 
SIO.S. 


slope. the incident overpressure and the effective 
slope angle detennine wbether regu1ar or Mach 
reflection will occur. The conditions under 
which regular or Mach reflection occurs are 
Shl in Figure 2-52. 
Figure 2-53 shows bow effective slope 
an e affects the peak overpressure produced by 
a 100psi incident Mach stem. Simill.tr data may 
be obtained from Figure 2-46 for other overpres- 
sures by noting that the angle of incidence to 
use with Figure 2-46 is equal to 9(f minus the 
effective slope angle. The left-hand side of Fig- 
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Figure 2-47. a Rtgl.ll.r and Mach Reflection PltteMs Fonned by a Mach 


Stem Striking • Rising Slope II 
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INCIDENT SHOCK 


REFLECTED SHOCK 


DIFFRACTED SHOCK 


Figure 2-48. • 
Diffraction Shock Front Pattern Fnrmed 


by .Tach Stem It I FIlling Slope II 
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SECTIONAL VIEWS 
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f'·lgur. 2-50. I Sectional II'K'I Plan Views of fI Shodt 
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FiglJl!! 2-61. _ 
Effective Slope Angle () as a Function of Slope Angle (). 
for Various Angles of Azimuth 'I 
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Figure 2-62. II Condltloris for Rqular or Mach Reflection 


of Incident Milch Stem II 
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Figure 2-63. II Pelk Overpressure Produced on a Slope by a 10-psi Incident 
Mach Stem as I Function of a Slope Angle II 
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• 
ure 2 .. 53 shows the effect of diffraction at a fall- 
ing slope. 
11\ Figures 2-54. 2-55. and 2-56 show simi· 


lar data in a more convenient form. The over~ 
pressure scales only app!y to reflection of shock 
waves .in a sea level atmosphere. At other ambi- 
ent pressures, the scales marked "overpressure I 
ambient pressure" should be used. Note that 
Fioure :!. 5 ~ is plotted for various values of the 
angle of incidence while Figures 2-55 and 2-56 
are plotted for various values of the effective 
slope angle. 


• 
If the incident blast \\ ve has been 


un:going regular reflection before it encoun- 
ters the rising or falling sJope, .p.pproximate blast 
wave characteristics at the target can be deter- 
--mined by (1) constructing a sectional plot show- 
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ing both the target area and the burst point, (2) 
drawing a "reference-plane line" through the tar- 
get area showing the general plane in the vicinity 
of the target, and (3) drawing a line from the 
burst point perpendicular to the reference-plane 
lin ill As Figure 2-51 shows. the length of the 
perpendicular is the effective height of burst; the 
length along the reference plane line between 
this perpendicular and the target area is the ef- 
fective ground range or distance from II'ound 
zero, and shock-wave characteristics may be 
determined from height of burst charts. Al- 
though this technique does not take into ac- 
count the effect of azimuth angle ~ (where the 
shock wave moves at an angle to the line of 
steepest ascent or descent). further refmement is 
rarely justified. 
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Figure 2-54. a Reflected Overpressure CoefflcltnU for Regular Reflection 15 • 


Function Incident Overpressure for V.rlous Angles of Incidence II 
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Figure 2-55. II Ref.ected Overpressure .. • Function of Incident Ulch-S".m 
Overpressure for Mach Reflection for Various Slope An@''11.~ • 
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Figure 2-56. II Diffracted Overpressure as a Functior: of Irn:.ident Mach-Stem 


Overpressure for Various Slope Angles til 
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Figure 2-57. II Construction Procedure R,r..ommended When tOO 811st Wive 
Incident gn I Slope Has BCi;ln Under'll:L 
.. 
Regular Reflection on Level Ground 111'! 
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Problem 2·17. 
calculation of Overpressure on 8 Slope 
II The information provided in paragraph 


2-37 and in Figures 2-47 through 2-57 provides 
the data to calculate peak reflected overpres- 
sures when a blast wave encounters a rising or 
falling slope. The data are given relative to the 
incident o'o'erpressures that would be expected 
over flat terrain in a standard sea level atmo- 
sphere. These latter values may be obtained 
from Figures 2·11 through 2-22. 


_ 
Scaling. For target altitudes above 5,000 
fee~oth the incident and thl: reflected over- 
pressures scale according to the altitude scaling 
procedures described in paragraph 2-14. te., 


/).pr =~ = S 
/).p'O 
Apo 
p' 


where /1pro and Apo are the reflected and inci- 
dent peak overpressures, respectively, in a stan- 
dard sea level atmosphere, /).pr and /).p are the 
corresponding pressures at the desired altitude, 
and Sp is the pressure scaling factor described in 
paragraph 2-14 and tabulated in Tables 2·1 and 
2·2. 11 Example II 
Given: A ridge with a slope angle of 27° on 
otherwise flat terrain at an altitude of 7,SOO 
feet. For a particular set of burst conditions, the 
predicted blast wave in the absence of the ridge 
(but including altitude corrections) is a Mach 
stem with a peak overpressure between 10 and 
15 psi. The direction of propagation ofthe blast 
wave makes an angle of 20° with the line of 
steepest ascent. 
Find: The range of peak overpressures that 
may be expected on the side of the ridge facing 
the explosion. 


Solution: From the equation given in para- 


graph 2·31 (or by interpolation in Figure 2-51). 


the effective slope angle is found as follows: 


sin 8 = sin 6. cos {JI 


= 0.427. 


From Table 2-1 t the altitude scaling factor for 
pressure at 7.500 feet is 


Under sea level conditions, the predicted value 
of the incident Mach stem overpressure would 
lie between 


/).p = Ap = ~ 
= 13.2 psi. and 
o 
Sp 
0.76 


Apo :: 0~~6 :: 19.7 psi. 


Figure 2·55 shows that a rising slope wlll in- 
crease these sea level values to 


Apro :: 19 psi, and 


Apro :: 28 psi. respectively. 


An uncertainty of about 20 percent exists in 
these values (see "Reliability~' below). In order 
to bracket the range of expected values, the 
lower will be decreased by 20 percent, and the 
upper will be increased by 20 percent. The re- 
sulting sea level reflected overpressures are 
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• 
t , 


~ 


:1 


• Dpro = 15.2 psi, and 


Ap'O = 33.6 psi, respectively. 


Answer: The cOlTesponding values of re- 


nected overpressure at an altitude of 7,500 feet 
are 


Apr = Il{1roSp = (l5.2)(0.76) ;; 11.5 psi, and 


Apr - (33.6)(0.76) ;; 25.S psi, respectively. 


• 
Reliability: Full scale nuclear tests indi- 
cate that the increase or decrease in peak over- 
pressure at a risins or faDing slope is generally 
within 10 or 20 percent of the predicted value. 
In the presence of a precursor, Jess accuracy may 
be expected. Accuracy also decreases if the slope 
ansle is close to the critical ansJe that separates 
thisions of regular and Mach reflection. 
Related Material: See paragraphs 2-14, 


2-17 throush 2-20,2·22 through 2-24, and 2-37. 
See also Tables 2-1 and 2·2. 


o 


) 


;. . ~ 


2·38 
Effects of Slopes on Other Dlast. 
Wave 'arameters II 
• 
Methods for determining peak overpres- 


sures at rising and falling slopes are described in 
paragraph 2-37. This paragraph relates the peak 
dynamic pressure and the duration of the posi- 
tive phases of the overpressure and the dynamic 
pressure to the expected overpressures that are 
determined by the methods described in para- 
graph 2-37. The relations of the dynamic pres· 


s~r~ and positive phase durations to the over- 
pressure will be discussed for three tYfJes of 
interactions of the blast wave with slopes: 
regular reflection of an inddent Mach stem' 
. 
. ' 
Mach reflection of an incident Mach stem; and 
diffraction of an incident Mach stem . 
.. Figure 2-S8 shows the reflec.ted dynamic 


pr=e as a function of incident Mach stem 
overpressure in the regular reflection region for 
various effective slope angles. The duration of 
the positive phase overpressure after regular 
reflection can be considered to be the • arne as 
that of the incident pulse. The dynamic pressure 
pulse, on the other hand, changes as the shock 
wave proceeds up the slope as a result of the 
presence and growth of a rarefaction wave from 
the slope corner (see Figure 20047). The dynamic 
pressure pulse effectively tenninates where the 
rarefaction W'lve intersects the reflected wave. 
The effect depends on the distance up the slope 
that the shock wave has moved, the slope angle, 


.:IlIU Ule overpressure coefficient in the manner 
shown in Figure 2-59. In this figure, the number 
1116 is the velocity of sound (in feet/sec) for 
standard sea level conditions (l SoC oJ'·'5~F). 
For different ambient temperatures, the apprg. 
priate sound speed should be used (see Tables 
2-1 and 2-2). 


• 


In the case of Mach reflection of the 
in 
ent Mach stem, the peak dynamic pressure 
at the shock front may be determined from Fig- 
ure 2·13 once the reflected oveI'Pressure 1:; detp!- 
mined as described in paragraph 2·37. Figure 


2·13 is only valid when a single shock front is 
involved. If the rising slope is sufficiently steep 
to cause rcguler reflection (Figure 2-52), the 
peak dynamic pressure should be determined 
from Figure 2-58. The duration of the positive 
phase overpressure pulse in the Mach stem after 
Mach reflection can be assumed to be the same 
as that of the incident wave, while the positive 
phase dynamic pressure pulse is shorter than 
that of the incident wave. Over a range of over- 
pressure coefficients from 2 to 11, and slope 
angles from 11.8 to 38 degrees, the reflected 
pulse after Mach reflt.:ction may be assumed to 
be 0.55 times as long as that of the incident 
bl .. st wave. 


_ 
Figure 2· 13 also may be used to deter- 
mi,,"he peak dynamic pressure from the peak 
overpressure in a diffracted wave. Although the 
positive phase duration of both the overpressure 
and dynamic pressure pulses are known to de- 
crease as a result of the formation of low pres- 
sure vortices at the slope change point, neither 
experiment nor theory is sufficiently extensive 
to provide a satisfactory prediction technique. 
As an approximation, the positive phase dura· 
tion of the dif:racted overpressure pulse may be 
taken to be tht.\ same as that of the incident 
pulse, and the duration of the diffracted dy· 
namic pressure pulse may be shortened by the 
ratio of diffracted peak dynamic pressure to 
incident peak dynamic pressure. 


2·39 Channeling of an Incident Mach Stem 
Along the Axis of a Valley II 


• 
Fisure 2·60 illustrates a third type of 
idealized topographic feature: an elongated 
valley. Shock 'Waves reflecting from the walts of 
such a valley tend to enhance each other in the 
vicinity of the axis of the valley. The simple 
relations shown in Figure 2-61 have been shown 
to hold for a wide ranae of valley ronns and for 
incident overpressures below about 60 psi. The 
relation for "flat-bottomed valleys" holds for 
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Figure 2-58. II Reflected Dyn.mic Pressure u tI Function of Incident 


Mach Stem Overpressure for Regular R,flections for V.,lous 
Effective Slope Angles II 
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Figure 2-59, II 
Duration of the Reflected Dynamic Pressure Pulse 
for Regular ReflectiDn 11 
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Figure 2-60. II Sectional and Plan Views of Idealized Valley Shapes " 
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Figure 2-61. I 
Average Peak Overpressure Amplification 


Factors at the Bottom of Valleys as & 
Function of Combined Slope Angle II 
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II 
vallel's whose floot widths (measured perpen- 
dicular to the valley axis) are of the same order 
as, or shorter than, the slope heights of the val· 
ley walls (also measured perpendicular to the 
valley axis). For wider flat-bottomed valleys, 
each side of the valley and a portion of the 
adjacent valley floor may be considered inde- 
pendently as a V.ghaped valley. 


.t-4u General Application of Prediction 
Techniques to Actual 
Topographical Featur&s II 
• 
Paragraphs 2-37 and 2-38 ~rovide data 
for only the most significant shock wave charac- 
teristics - peak pressures :'ina positive p}l"se du- 
rations. More detailed informatioll, e.g., data on 
pressure waveforms, may be obtained from 


-·DASA 1200. "Nuclear Weapons Blast Phenome- 
na" (see bibliography). 


• 
Applicability of the curves that have 
been presented depends largely on the size of a 
terrain feature relative to the size of the incident 
shock wave. If the incident shock is very much 
longer than a terrain feature of interest, the pre- 
dicted changes in peak values of overpressure 
and dynamic pressure will occur on the slope; 
but the duration will not be affected greatly. 
The incident pulse length in feet is slightly' more 
than 1116 times the incident pulse duration in 


~\;;WU"~. auu i; liJs pulse length is more than 
about three times as long as the slope being con- 
sidered, no changes in pulse duration can be 
e'Jilt 
" 
Much of the complexity of actual terrain 


ma 
e eliminated from blast wave calculations 


by application of the loca/~slope concept. 'This 


, concept is based on the observation thnt, in 
many situations, a shock wave that ht ~ ~S>:~"'d 
over a succession of terrain features (hills. val~ 
leyst etc.) before encountering a feature of 
interest interacts with that feature as if the 
shock wave had previously passed over flat ter- 
rain. 
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• 
This trend was noted during testing pro- 
grams and has been supported by theoretical 
inference. The Ranier nuclear test over fairly 
complex terrain, provided additional checks. Al- 
though much of the area around this explosion 
was subject to precursor type waves, sharp front- 
ed waves traversed many regions that were pro- 
tected from direct thennal radiation. Predictions 
of peak overpressures generally were within 10 
toJQ.percent of observed values. 


• 
,Determining whether the local slope 
approximation will give reasonably accurate 
results requires application of judgment in an 
examination of the region between the target 
area and the presumed burst point to detennine 
whether there are significant terrain features be- 
tween the two, e5;)eciaUy in the vioinity of the 
target. This examineti,," is often based on a sec- 
tional plot of the tf''''Tain, made along a line 
between ground zerc . ,\d the target. Although it 
is sometimes difficult to draw conclusions from 
this examination, the following criteria are help- 
ful: 


• Features that show slope angles of less 
than 10 degrees on a sectional plot of the 
terrain, i.e., about a 20 per(''ent grade, will 
not create significant effects. 


• Symmetrical features at an appreciable 
distance from the target generally can be 
ignored. Effects that occur on the front 
slope of such features compensate for ef- 
fects that occur on the back sJope. 


• Terrain features near ground zero have a 
small effect on the blast wave at large 
ground distances. 
• if the average slope of the terrain tends to 
follow a straight line, partict.tlarly if the 
deviations from this straight Jine are small 
or random, the local slope approximation 
is justified. However, if the average slope 
of the sectional plot clearly follows two 
straight lines, and the angle between these 


o 


lines exceeds 10 degrees, and if the break 
occurs in the region of Mach reflection, 
the blast wave calcuJations may have to 
treat the effects of two slopes in sequence. 
II Unless the average slope between ground 


zero and the target is essentially horizontal, use 
of the local slope concept requires establishment 
of the primary reference plane (PRP). Over com- 
plex terrain, the PRP often follows the average 
slope of the terrain between ground zero and the 
foot of the feature upon which the target lies. If 
the PRP does not seem clearly defmed by this 
criterion, it is better to allow the terrain within 
the region of Mach reflection suggest the slope 
of the PRP. If the target is in the region of regu- 
lar reflection, the average slope of the terrain 
near the target should bl given mc,.e weight than 
the average slope of terrain closer to ground 
zero. 


" 
After the PRP has been established, ef- 


fective burst height and ground distance with 
respect to this plane may be determined by 
means of a geometrical construction similar to 
that suggested by Figure 2-57. Properties of the 
blast wave inr.tdent on the terrain feature of 
interest rna" be read directly from height of 
burst curves in terms of these effective values of 
di,ce and height. 
Although there are many cases in which 
the ocal slope concept will fail in detail if 8p-- 
plied to features that are regular and uniform, 
ordinary terrain is so complex that the uncef- 
tainties engendered by terrain irregularities gen- 
erally will exceed errors resulting from applica- 
tion of the local slope concept, Furthermore, 
the process of determining approximate terrain 
effects with the local slope concept is generally 
far simpler than that of obtaining more refined. 
but still approximate. effects Nith more rigorous 
tel'quea. 


. Once the blast wave properties are deter- 
mine flom height of-burst curves, aPPfopriate 
sectional plots should be made of the target area 


slope. Azimuth angle and valley slopes must be 
determined where appropriate. 


2·41 
Application of Prediction ihniques 
to Specific Topography 


_ 
Figure 2-62 is a topographical map with 
a !:!iet area (designated by T) to be investi- 
gated. It is desired to determine the locus of 
ground zeros that would subject the target to an 
overpressure of 10 psi from a 1 Nt weapon burst 
atMisht of 5,000 feet above the terrain. 
Examination of Figure 2-62 shows that 
the 'ghest point on the terrain around the tar- 


~et area is just over 4,000 feet (note that the 
grid lines and elevations are given in meters in 
Figure 2-62, and the highest point in the vicinity 
of the target is at an elevation of 1,243 meters), 
so altitude corrections are not required. 
111 In accordance with the instructions in 
paragraph 2·20, the blast-wave parameters for 
explosions over mechanically nonideat surfaces 
are performed by frrst finding the desired blast 
parameters over a near-ideal surface. The results 
then are corrected for the change in the blast 
wave properties introduced by the mechanically 
nonideal features. The corresponding height of 
burst for a 1 kt explosion is 


h = ~= 5,000 
== SOO feet. 


I 
k/l/3 
(1,000)1/3 


From Figure 2-18, a I kt explosion at a height 
of burst of SOO feet will produce an overpressure 
of 10 psi at a ground distance of 1,31 S feet 
(about 400 meters). The corresponding ground 
distance for a I Mt explosion is 


d == d1 Wll3 • (1,315)(1,000)·/3 


::<: 13,1S0 feet (or about 4,000 m). 


A circle, centered on the target, with this ratlius 
is shown in Figure 2.(i2. AIM t explosion at a 
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II 
h"'ight of burst of 5,000 feet over any point on 
the circle would produce an overpressure of 1 0 
psi at the target area (burst over points within 
the circle would produce overpressures in excess 
of J£rsi at the target). 


_ 
Tht:' target area includes two small con- 
vergmg valleys that are relatively shallow and 
have relatively flat slopes normal to their axes. 
Figure 2-61 shows that relatively steep slopes are 
required to produce large effects in converging 


V!'lnt'~Ic;. ~o these minor terrain irregularities may 
bejlored. 


The general direction of the contours in 
the arget area is established as being paralle1 to 
line AA'; and a sectional plot along line BB" 
perpendicular to AA' and through the target 
area, is constructed (this sectional plot is shown 
in Figure 2-63 with the distance scales in meters 
for ease in comparison with the map). The plot 
in Figure 2-63 is not extended to the ground- 
zero circle (though it could easily be), since 
inspection of the area between the target and 
this circle, and reference to Figure 2-15 shows 
that Mach reflection would take place long be- 
fore the shock would arrive at the target area. 
Furthermore, inspection of the area within the 
ground zero line indicates that an assumption of 
a horizontal datum for the slope of the primary 
reference plane is fairly good. 
.. 
From Figure 2-63, it can be detennined 


thne tangent of the slope angle (vertical rise I 


bVULUIHCii distances) is 0.57. Thus, the slope 
angle is 


It is therefore necessary to determine the inci- 
dent overpressure that will produce an overpres- 
sure of 10 P!ri when the shock wave encounters a 
30 degree rising slope (along the line BT) or a 30 
degree falling slope (along the line B'T). Figure 
2-55 (Mach Reflection) gives an incident over- 
pressure of 3.S psi for the rising-slope condition, 


and Figure 2-56 (diffraction) shows an incident 
overpressure of 20 psi for the falling-slope condi- 
tion. Figure 2-19 shows that 3.5 psi would occur 
at a ground distance of about 2,450 feet from a 
1 kt burst or 24.500 feet (about 7,500 m) from 
a ] Mt burst at heights of burst of SOO feet and 
5,000 feet, respectively. Figure 2-J 8 shows that, 
for the same heights of burst, 20 psi occurs at a 
ground distance of 870 feet from a I kt burst or 
8,700 feet (about 2,650 meters) from a ] Mt 
b~ Lines ee' and 00/ are drawn at 30° to 
line 
B'. For these lines, the angle between the 
direction of shock wave propagation and the 
angle of steepest ascent or descent is 


and the effective slope angie is detennined by 


sin 6 = sin 4>, cos 4J 


"" sin 30 
0 cos 30° = 0.43 


which yields 


The angle 4J for lines EE' and FF' is 60°, from 
which 6 == 14.5°. Using these two values of 9 with 
Figures 2-55, 2·!6. 2-18. and 2-] 9 provides the 
resllt shown in Table 2-5. 


Along line AA' the hill on which the tar- 
ge 
les is, for aU intents, a V-shaped valley with 
combined slope angle (see Figure 2-62) of 300 . 
Figure 2~60 indicatf:s that an amplification fac- 
tor of about 1.25 holds for such a valley I so an 8 
psi incident overpressure (10/1.25) will yield 10 
psi at the target area. l::igure 2·19 shows that 8 
psi would occur at a distance of approximately 
1,375 feet for 1 kt or 13,750 feet for 1 Mt 
(about 4,200 mete" for 1 Mt). 
11 When t~e various distances given abov' 
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Table 2-6. II Incident Overpressure and Ranges II 


Rising SJope 
Approximate 
,Incident 
Distance 
Overpressure 
Une 
~ 
8 
(psi) 
Feet 
Meters 


BT 
0° 
30° 
3.S 
24,500 
7.500 
CT.DT 
30° 
26° 
4.1 
21,500 
6,600 


ET, FT 
6ft 
15° 
6.0 
J7,OOO 
5,000 


Falling SIQ£! 


B'T 
0° 
3D" 
20.0 
8.700 
2,650 


C'T. OtT 
30° 
26° 
18.5 
9,500 
2,900 


E'T, F'T 
60° 
15° 
15.0 
10.900 
3,300 
. , - - 
are measured from the target area T along the 
• 
These changes are, to a large degree, 
appropriate lines, the points are connected. the 
caused by changes in characteristic times. The 
dashed line shown in Figure 2-62 is the result. 
blast wave develops more slowly at higher alti- 
This line is the approximate locus of ground 
tudes. and the thermal pulse radiates more rapid- 
zeroes that wi1l subject the target area to a peak 
Iy. Thus, energy is radiated at high altitudes that 
overpressure of 10 psi. 
would. at lower altitudes, have contributed to 
the blast wave. At altitudes higher than 130,000 


• 


THE BLASTIVE AT 
feet, both blast and thermal· efficiencies drop. 


HI H ALTITUDES 
2.412 
Effecti"e Blast Vieli.. 


• 
Nearly all of the energy from a nuclear 
at High Altitudes • 


burs detonated within the atmosphere is ab- 
" 
sorbed by air molecules. Within a few seconds, 
To account for the smaller fraction of 


"'!r:'C't of this energy evolves to three forms: blast 
the y eld that appears as blast energy et higher 
energy. radiated thermal energy, and thermal 
altitudes, the actual yield is multiplied by the 


energy retained in a large volume of air. The first 
blast efficiency factor shown in Figure 2-64 to 
two components of energy are useful nuclear 
obtain the effective blast yield. Bffective blast 
effects; the third is harmlessly dissipated over a 
yield is that value of yield which, when used in 
relatively long period of time. Deviations from 
Sachs' scaling laws, predicts the correct value of 
Sachs' scaling laws (paragraphs 2·13 and 2-14) 
peak overpressure. 
above 40,000 feet are caused principally by dif- 
II Figure;, 2-64 shows approximate upper 
ferences in the partitioning of these three energy 
and lower limits rather than a single value for 
components. Between sea level and 130,000 


f~et, blast energy decreases and radiated thermal 
energy increases with y'jeld. 


,.Tbermal radiation u ued here includes ultraviolet duo. 
infrared, but exeludot IIfIher frequency radiatloftl. c .... Xoft)'l. 
See Chapters 3 lind 4. 
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II 
the blast efficiency factor. At high altitudes. 
overpressure varies with distance in such a way 
that effective blast yield is different at different 
distances. For example, a 100 kt burst at 
100,000 feet bas an effective blast yield that 
varies from about SO kt to 8S kt. It appears 
impossible to fonnulate simple rules that state 
where these numbe!S apply. It is preferable to 
cc!!sider the upper and lower effective blast 
yields as defining a range of uncertainty. 
Methods for making more detailed and complex 
calculations are suggested in DASA-1200 "Nu- 
clear Weapons Blast Phenomena" (see biblio- 
graphy). 


~ 


• 
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II Although blBst efficiency is a colTection 


factor established to determine peak overpres- 
sure. it also may be used to calculate other bl ast- 
wave parameters. However, because of the non- 
linear properties of air, blast waves with high 
shock strengths cannot be scaled exactly. and 
shock-front parameters other than peak over- 
pressure are defmed less accurately by effective 
blast yield. The waveform behind the shock 
front is subject to additional variations, and the 
blast efficiency is l~ast dependable when applied 
to parameters such as impulse and positive phase 
duration. 


e) 


) 


• 


• 
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Problem 2·~B. ~calculation of Peak Overpressure at High Altitudes 


_FigUre 2·64 shows the blast efficiency 
factor as a function of height of burst. This ef· 
ficiency factor when multiplied by the weapon 
yield provides the effective blast Yield. The ef- 
fective blast yield may then be used to obtain 
peak overpressure as a function of distance by 
the methods described in paragraph 2-7 and 
Prcblem 2-1 as modified by the altitude correc- 
tion procedures described in paragraph 2-14. 
Other blast parameters may be obtained by 
using the effective blast yield in the manner 
described for total yield in paragraphs 2-8 
through 2·11, as modified by the altitude scaling 
described in paragraph 2-14. 
II 
Scaling, After obtaining the ,~ffective 


blast yield, the various blast parameters are 
scaled ~ccording to the procedures described in 
Problems 2·1 through 2-5. as modified by the 
altitude scaling described in paragraph 2·] 4 and 
Problem 2-6. 
II Example" 
Gil'ell: A 20~xplosion at an altitude of 


100.000 feet. 
Find: The highest ,,'alue of peak overpres- 


sure that might be expected 5,000 feet below 
the explosion. 
Solution: Since Figure 2·64 shows that the 


;U~;l":>' value of blast efficiency factor for a 
burst at I 00,000 feet is 85 percent, the calcula- 
tion is based on an effective yield, W eff' of 


Wefl = (0.85)(200) = 170 kt. 


WhUe the blast efnciency factor is based on 
burst altitude, the altitude scali.lg factors are 
based on target altitude (paragraph 2-14). From 
Table 2·t, the distance and pressure scaling fac- 
tors at 95,000 feet are. 


The distance from a 1 kt explosion that corre- 
sponds to a distance of 5,000 feet from a 170 kt 
ex.;>losion is 


d 
S,OOO 
d 1 = --- ;: ---"---- = 215 feet. 


S d Wl/3 
(4.2)( 170}113 


From Figure 2-2, the peak overpressure at this 
distance at sea level is 210 psi. 


Answer: The corresponding peak overpres- 
sure nt 95,000 feet is 


Ap = ApoSp = (210)(0.0]4) = 2.9 psi. 


The reliability statement of Problem 2-] indi- 
cates that for scaled distances (distances from a 
1 kt explosion) less than 1,000 feet the values of 
peak overpressure obtained from Figure 2·2 are 
accurate to within :I: 15 percen!. The probable 
upper limit of the required overpressure is 


Ap = 2.9 + (0.15)(2.9) ;: 3.3 psi. 


III Reliability: The data cu"Ves in Figure 
2-64 are based on computer calculations sup- 
ported by limited data from full-scale nuclear 
tests. As a result of the experimental checks, the 
computed data are believed to be accurate at 
high overpressures; however, this accuracy is not 
considered confmned. At low overpressures 
(scaled radii under 300 feet, shock strengths less 
than 7), some of the numerical methods used by 
the computer introduce errors, and rellable esti· 
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II 


mates of effective blast yield are not available; 
however. even at low shock strengths, the blast 
efficiency factor is believed to be approximate]y 
within the limits shown in Figure 2-64. Yield 
scaling appears to be relatively accurate, intro- 
ducing errors of only a few percent. Uncertain- 
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ties in the overpressure values obtained from 
Figure 2-2 are described in Problem 2·1. 


• 
Related Material: See paragraph 2-41. 
See flIlso paragraphs 2·7 through 2·11 and 2-14. 
See also Problems 2·1 through 2..(i. 
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2·43 'eak Overpressure on the Ground 
from High-Altitude Bunts II 
• 
The conventional proc:edure for f'mding 


blast.wave parameters at one altitude produced 
by a burst at another altitude is modified Sachs' 


~\ling (paraaraph 2-14). Fis,ure 2-65 uses this 
principle for the prediction of peak reflected 
overpressure at ground zer() as a function of 
·'it.ld and burst altitude. The curves are based on 
computer calculations and are compatible with 
the curves jn Figure 2-3, which sh1.)w peak over- 
pressure in free air. 


_ 
The curves are drawn as though effective 


bJa"ield (paragraph 2...1.1) were always equal 
to actual weapon yield. If the burst is'stbove 
40,000 feet, a conection for effective blast yield 
is aJ!'propriate.· and thi!; reduced yield (rather 


-111an actual weapon yil~ld) should be used to 
enJFjgure 2·65. 
Since the abscillS8 is slant range, Figure 


2 
may be used to pJ"!:dict peak reflected over- 


pressure at locations other than at ground zero, 
provided the locations are within the region of 
regular reflection and lire not too close to the 
range at which Mach ,reflection begins. Figure 
2-46 may be used to attermine the range over 
which the reflection cClCfficient has ~ssentially 
thWe value that it hal~ at ground zero. 


Sinee modified Sachs' scaling is an 


empmcal method, there .may be doubt as to its 
application over a wide altitude range. However. 
comparisons of reflected overpressures at ground 
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zero from Figure 2·65 with calculations per- 
formed in a way that is independent of the tech- 
nique of modified Sachs' scaling show substan- 
tial agreement up to burst altitudes of about 
150,000 feet, the limit clf the. latte:t calculations. 


2-44 .Eff~ of early Blast Phenomena. 
II At the overpressures that are ordinarily 


of mterest in blast calculation,. the blast wave 
from a sea level burst has propa~ted well away 
from the region in whict.. it originated. At high 
altitudes, however, the bJl1st wave fonns at rela- 
tively low overpressures and at long ranges. In 
making a blast calculation at these altitudes, a 
possibility exists that 1he range of interest is 
closer than that at which a scalable shock front 
fonns. II The first stage of blast-wave formation 
occurs when the air around the burst, under high 
pressure because of its suddenly increased tem- 
perature, starts to move. In the analysis of com- 
puter Nns. a convenient criterion for shock 
front formation is that the ratio of air density 
behind the shock to ambient air density (P.t p) 
rises at some point to a value exceeding 1.S. This 
criterion indicates that the pressure waves origi- 
nating in the air near the burst are starting to 
merge to fonn a shock front. Formation of the 
hydrodynamic s.bock front then proceeds rapid- 
Iy. and the actual time and radius of shock for- 
mation are close to the values based on the p./p 
= 1.S criterion • 


) 


• 


Problem 2·19. 
Calculation of Peak Reflected (hferpressure 


at Ground Zero from a High Altitude Explosion 


• 
Figure 2·65 shows the peak reflected 
overpressure at the ground as a function of slant 
rangt" for a selected family of weapon yield s. 
The curves in Figure 2-65 are applicable at 
ground zero and at locations away from ground 
zero .that are in the regular reflection region. 


• 
Scaling. No scaling is required with Fig- 
ur:r.65; however, for explosions above 40,000 
feet. the effective yield obtained by use of Fig- 
u~64 should be used to enter Figure 2·65. 
_ 
Example_ 
Given: A 1 O~t explosion at an altitude 
of 120.000 feet. 
Find: The maximum peak reflected over- 


pressure expected at ground zero. 


Solution: From Figure 2-64, the maximum 
blast efficiency factor for bursts at 120,000 feet 
is 68 percent. The effective yield is 


Weff = (0.68)(100) = 68 Mt. 


Answer: Interpolation in FIgure 2·65 indio 


cates that peak reflected overprt~ssure at grr.:.md 
zero is about 2.5 psi. 


~eliability II 
~ 
The few available experimental data 
points tend to substantiate the curves in Figure 
2-65. A certain amount of uncertainty occurs at 
low overpressures because the overpressure dis- 
tance curves in Figure 2-65 are not identical to 
the results of the calculations independent of 
Sachs' scaling that were mentioned in paragraph 
2-42. 
111 No reliability estimate has been made 
for these curves; however. it should be observed 
that, for the extreme range of atmospheric con- 
ditions found along the path of the blast wave, 
overpressure values that are within a factor of 2 
often represent satisfactory agreement. 
II Related Material: See paragraphs 2-7, 
2-13, 2-14, and 2-42. See also Tables 2-1 ;,nd 
2-2 . 


2-131 


1! 
\ l 


:> 


~ 
i 
.. 
II 
It 


• 


1000 


.) 


U.I 
a:: i 
III 
IE a: 
11.1 
~ 
Q t 
w ... 
II. 
w 
a: 


~ 
c[ 
If 


2-132 


__ i.~ 


\ 
\ 
\ \ 
\ 
'..1. _l. 
1\ \ , \ \ 
1\ 
1\\ , \ 
\..1 .ill 
\\ 1\ ' '" 
\.\ f\ ' '" 
II 
r.l , 


tOO .\ \\ \ 


~I\ l\'\ ~\ \' 
~\ ~ 
I\~ 
f I - 


\. 


\ \ 
1\\ 
\ 
L\...l. 
..\ 
- 
\\ " \1\ 
\\ '1\1\ 
\\ 
, \!\ 


1\ \' 1\ \ 
1\ \, 1\ 1\ 
~ \', 1\ l\ 


'0 r\\\ [\ , 
1\\\ r\ , 
~ 
[\\" ~ , 
.[l 
\1\ 
1\ I\~ 
l\ ~~ 


'\ i\. 
.\. \. 
'\ 1,\ 
. \. ." 
'\ " 
" " 
, 
'" , 
,'\.. '\. ., 
IV\. ., 


t 


I," 
[\ 
1\'\' l\' r-... 
1\ 
~~ l'\ .., I' 
~'2 "g,! 
.~, 
i.,t ~.~ 
~ 
'~" 
~~{ ~ 
r·t~ 
~~ .. .~~ 
I <f;> 
I\.\..\ 
"I' 
~" 
~ 
~~ .. 
': 


.. 


o.t 


.0' 0.' 


. - 


"" '''' 
... ~ '" 
.'\c'\ ., 
"~ 
'\: .'\.. " 
I' 
I'lc' .'\. I'!o. 
~ 
I~ .'\ l\. 
i"- 
t" 
~ 1\ 1'1' 
~"\ "" 


[,\" 1'1 
l'..."\ ~ 
l"o I' I' 
~"\ 


~ " ~ 
~ 
~~" 
1'1"1 
~ 
k\ 
['I.. ~ I' ~ 


,)r..~ '" '" 
.'"-~ ~ 
~ 
~~ 
.,," ~ " , 
~ 
~ 
~~!'I! 
l'\..'\.. 
.;, 
...... '\.. lS\i' 
~, 
...... ,'\.. ~,I' 
~, 


" t.\" 1\ 
~ 
~ 
, 
~ 
~,~ 
I'.: 
~ 
, 
It, 
tOO 
1000 
SLANT RANGE tklloftetl 


Figure 2-66. II Peak Reflected Overpressure It Ground Zero 
," • Function of! Yield and Stint R.~ II 


I\. 
~ 
~ 


~ 
."\ 
~ 
~ 


~ 


~ 
['>,,1'1 


~t\ 


~~ 
10,000 


.. 


• 


.. 


- . 
The kinetic energy of the bomb de- 
~h 
i.s typically about :!5 percent of the 


total yield. makes an important contribution to 
the strength of the blast wave. These high ve- 
locity debris atoms, pushing away the air sur- 
rounding the burst point, create a shock wave 
that is known as the nuclear shock or case 
shock. Until this shock front overtakes and 
merges with the hydrodynamic shock front, the 
blast \\'8\'e will not have acquired its full energy. 
The fraction of the total energy carried by the 
debrh is a function of weapon design. Therefore 


th~ arri\"l.u of the case shock at the hydrody· 
namic sho.:1\ front. which marks the be~inning 
of a scalabk shock wave. also is a function of 


~esigl~. 
_ 
Figure ~-66 shows the approximate 


rang.::- 01 shock-front formation and case-shock 
arrh'aJ as a function of burst altitude for a 1 kt 
explosion. These ranges were calculated for con- 
ventional nuclear devices. Different 
cutve~ 


would be required to show these ranges acc\.l- 
rately for weapons 
puts (paragraph 


ast- 
""",rn1',".""""" levels as a function of range 


and altitude. Since peak overpressure cannot be 
scaled accurately until the CQse--sho ck front joins 
the hydrodynamic shock front, the overpressure 
curves terminate on the curve for case-shock ar- 
rival. To emphasi~e the increasing uncertainty of 
peak overpressure data with increasing altitude. 
the overpressure contour lines are dashed above 
100 kft.· 
. 


• 


These overpressure curves were obtained 
di 
y from Figure 2-2 and Sachs' scaling laws, 
including altitude corrections described in para- 
graph 2·14. However, correction for effective 


blast yield at high altitudes must be made. a~ 
m.trated in Problem 2-20. 


This procl',dure will give a reasonably 
accurate answer only if the range that is used 
exceeds the range for case-shock arrival. The lat- 
ter range is obtained by multiplying range 0 b- 
tained from Figure 2-66 for case-shock arrival by 
WI' 3 (note that actual yield hi, not effective 
yield J~'eff' is required in this calculation). Simi· 
larly. the approximate range for shock front for- 
mation is obtained by multiplying the scaled 
range by Wl/3 • 
II If a blast-wave calculation closer to th;;- 


burst than the range of case-shock arrival is re- 
quired. data from Figure 2-2 may be scaled to 
obtain a rough estimate of peak overpressure. If 
the calculation is for a range closer than the 
range for pslp = 1.5. the discrepancy betweep 
the actual overpressure and the calculated over- 
pressure will probably be excessive. Require- 
ment for a calculation of this type generally is a 
sign that other nuclear effects should be consid- 
ered. Blast damage at ranges closer than shock. 
front formation usually is less serious than dam- 
age caused by neutrons, X-rays. gamma rays, and 
th.l energy. 


The stages of development of a nuclear 
blast wave are most accurately known in terms 
of time, because accurate comparisons can be 
made between expelirnental data and points in 
computer calculations. Approximate equations 
for determining three times of interest are siven 
below. 


~ 
See NOTE til Rellablltr ,...,.,11 of Problem 2-20. 
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Problem 2-20. Calculation of Case.Shock Arrival and 


Peak OVerpreSS!Jre at High Altitudes 


• 
Figure 2-66 shows the approximate 


ranges of shock.front Formation and case· shock 
arriva] as a function of burst altitude and dis· 
t.from a ) kt explosion. 


Scaling, For yields other than 1 kt. the 


rIJntJe for case· shock arrival scales as Follows: 


d 
_ 
= Wl/3 


d 
' 
1 


where d1 is the range for case-shock arrival for 1 
kt (obtained from Figure 2-66), and d is the 
correspOllding range for a yield of W kt. For 
heights of burst above 40,000 feet the range for 
a given overpressure scales as fol)ows: 


JL = (iV 
)1/3 
d 
~ff' 
1 


where d1 is the range for the desired overpres- 
sure for a 1 kt explosion and d is the corre- 
sponding range for a yield of Werr kt (Werr is 
the effp,ctive yield for a high altitude burst ob- 
tained from Figure 2-64 as illustrated in Prob1em 
2-ill 
• 
'!!.l Example 
" 
Given: A 100 kt explosion at an altitude of 
1 J 0 kilofeet above sea level. 


Find' The peak overpressure at a .range of 


1,000 feet. 
Solution: From Figure 2-66, the range for 


case shock arrival from a 1 kt burst at 110 kft is 
about 180 feet. The corresponding range for 100 
kt is 
. 


d :: d 1 W1/:; == (180)( 100)113 :: S35 feet. 


Since this is less than J ,DOD feet, peak overpres- 


sure is scalable at the range of interest. From 
Figure 2-64, the blast efficiency for a burst at 
11 0 kft is expected to be between 48 percent 
and 77 percent. The effective blast yield is there- 
fore between 48 and 77 kt. The corresponding 
distances for a I kt explosion are 


d1 = 
d 
= 1,000 = 275 feet, 
(W,ff)1/3 
(48)113 


and 


d1 = 
d 
:: 1,000:: 235 feet. 
(Werf )1/3 
(77)1/3 


Answer: Fr~m Figure 2-66, the overpres- 
sures are 90 and 1 SO p~j at these ranges from a 1 
kt explosion at ] 10 kft. The 15 percent uncer- 
tainty in overpressure data (see "Reliability") 
extends the range of J kt overpressure values to 


eliabilit)' 
b'i7sand 17°11'. 


Ranges for shock formation and case- 
shock arrival were obtained from computer cal· 
culations. Case-shock arrival has been observed 
in nuclear tests, and the experimentally deter-. 
mined ranges substantiate the computer data. 
For conventional weapons (unconventional 
weapons are discussed in the following subsec- 
tion). the lange for case-shock arrival is believed 
correct within a few PCrct'int. Yield scaling ap- 
pears to be fairly accurate for these phenomena. 
111 Below 40,000 feet peak overpressure 


data are considered reliable within 15 percent 
for shock strengths peater than J.S (7 psi at sea 
level). within 20 percent for shock strengths be- 
tween I.S and 1.03, and within 30 percent for 
shock strengths below 1.03 (-1/2 psi at rea 
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II 
level). Above 40.000 ff:et, the additional uncer- 
tainty implied by Figure 2-64 should bt consid- 
ered. II Note: Although Figure 2-66 waS used 
in this example to calculate peak overpressure, it 
is not the preferred source of overpressure data. 
More accurate values may be obtained by scaling 
data from Figure 2-2 and, at high altitudes, fol- 
lowing the method ofProbtem 2-18. Figure 2-66 
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is convenient for rough calculations. because it 
eliminates the requirement for altitude scaling . 
However. the important infonnation in this fig.- 
ure is given by the curves that show the approxi- 
mate ranges of shock-front fonnation (p./p == 
1.5) and the beginning of a scalable shock wave 
<:"ShOCk arrival). 


Related Material: See paragraphs 2·7 t 
2- 
t and 2-43. See also Problem 2-18. 
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WE~NHANCED 


in Table 2-6. Table 2-7 shows the mean 


free path of various fonns of energy that can be 
t!enerate.d by a nuclear device. Most of the out· 
put of a conventional nuclear weapon interacts 
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246 Air Slid from Weapons 
EnhenGId Rldiltion Outputs 


The strength of the blast wave from 
radiation weapons is a complex func- 


tion of the radiant energy distribution. Accurate 
blast wave calculations require detailed energy 
r 
transport calculations, followed by hydrody· 
~) 
namir. calculations to account for the motion of 
the heated air and the bomb debris. Frequently. 
the vadation of ambient air densIty with altitude 
is sufficiently importan~ to be included in the 
;a1culations. A large digital computeJ' is required 
to account for aU of these factors. 
-An. nit bV II oommoftly u.s 1ft two .... Strictly 
apetlr.iDf. it II a unit of encr&Y (1 bV • 1,000 electron YOlts • 
1.602 It 10-9 tq) which Iw • IRIIftltUdc that II con"nt tor 
lptICifylDa tile eDeIJies or Xay photon .. HowtNel. by ... 
Iion 


of itt 0I'iJiuI1MIIIlnI. the lmit k \led to dctlJle temperature (l 
bV'-11,600,OO(f:K) • 
.. 
tIIIm I bY"",",,,,,,,, tIIe.,ecuum oftbenDll 
.... tion !'lOID • lila. body, i.e., • perfect ra4Aator of tbemW 
eDCIIIY. 'that Iw .lIImpou1lUc of 1 bV. Note,llowner, that 1ft 
tDCIJY of 1 pV II DOt ......... of die ....,. of the 
photonl collltltutint .... tpICbum: ab"nt 15 percent or the 
pbotGnl haft taerPl of 1 bV 01 ..... 
~ thea photons lePre- 
ant .. tUn 3.5 pacont 01 .. totIl..,ec:trAI CMlIY. Hal' of the 
ellalY II tatried by .to .. with .......... ter than 3.5 keV. 
Tbe trpectnlm extelHli 1911,1hly to lOkeV;photOlllwitll ....... 
",1ban tbiI comtltute _I perrtnt of die tpeOInllJlellY. 
Se.) Qaptcr .. for fUlda diIcI.tIIioD of black body lIdJatorl. 
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Table 
Representative Mean Free Paths of Nuclear Weapon Radiation .. 


Mean Free Path 


Souree 
Ener&Y 
Sea Level 
80.000 ft 


The mean free paths shown in this table ate for individual particles if; ambient air. Collectively. the 
particles may travel farther. Debris atoms, fot example, usiat one another in pushing the air atoms away 
from the burSt point. X-ray photons completely ionize a sman relion of air near the burst, thus creating a 
nearly transparent region tmouch which other X·ray photons can travel freely. 
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Figure 


COLO WEAPON 


HOT WEAPON 
-------------- 


DISTANCE FROM BURST 


Energy Deposition In Air as a Function of Nuclear 
CharaClerlstics (Not to Scale) • 


. ...... "'. 


• 


Rough calculation may be made, 


t by applying the following JUle of 
thumb to weapons with enhanced outputs: blast 
calculations for a given radius may be based on a 
weapon yield that is equal to the amount of 
energy contained in the sphere defined by that 
radius. As this rule implies, the blast wave, as it 
propagates outward, picks ,,up hydrodynamic 
enetgy from the heated'·air -through which it 
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. Deleted 


Figure 2-69 •• 
DenslW of Deposited Energy in Se. Level Air 


from Vari'.)us Energy Sources II 
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-'Many problems that require blast 
=-=ection because of output spectrum will 


e- 
also require a blast yield correction because of 
altitude (paragraph 241). One correction factor 
does not replace the other, as illustrated in Prob- 
lem 2-21. 
_ 
Effective blast yield, in percent, tends 


~se 
with (l) increased range, (2) decreas- 
ed rt.diating temperature, 


range 
a 


OVf!TJn-essure increases, but the distance 
tbat a given form of prompt energy can travel 


remains essentially the same; therefore, at a 
given overpressure level the blast wave from a 
higher yield cm;:U'liII~l!i 


altiltu(le dlecn,ase:s. the denser air con- 
radiated energy to a smaller volume. 
Since the range for a given peak overpressure is 
relatively insensitive to altitude (Figure 2-66), 


th~ sphere defined by this range encloses an In- 
creasing fraction of the source energy as altitude 
decreases. 
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Problem 2-21. Calculation of Pelk Ow.nan • 
• Hot X-ray Werheld 


_ 
paragraph :1-44 describes the differ- 
ences ",tween the characteristics of blast waves 
from enhanced radiation weapons and the blast 
waves from conventional weapons. The foUow- 
ing exampJe will illustrate. the use of the infor· 


.Q.15lCUS5CU in paragraph 2-44. 


Scaling, Range is scaJed in such a way 


aiven scaled range the X-ray enersY has 


pasrr:d through a given amount of air. 


where R" and Po are range and ambient air den- 
sity at sea level and R is r:mge in air with an 
ambient density of p. The ordinate of Figure 
2-68 (percent of radiated energy deposited) does 
not require scaling. Energy density added to the 
air is scaled in a way that accounts for spherical 
divergence and for yield. . 


~ =(~.j W. 


This equation is equivalent to: 


" 


where AE 1 is the enel'lY deposited by 1 ktt 4E 
is the corresponding energy deposited by JtI kt, 
and the other terms are as previously defmed. In 
addition to the scaling described above; Sachs' 
altitude scaling (parqraph 2-14) probably wm 
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Umited number of computer calculations, and 
specific reliability estimates have not been ma.de. 
The amount of etTor introduced by the proce- 
dures is expected to increa&e as the effective 
blast yield (in percent) decre,.ses. In typical 
probJems, the change in effective yield that the 
procedures predict is probably correct within 


RelfQblllty: The pr()i;Cdures described 


above have been substantiated by analysis of a 


_ 
b 
2S percent. 
:"flelated Material: See paragraphs 2-7 t 


2- 
, 41 t and 2-44. Se~ also Tables 2-1 and 


2·2 . 
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SECTION n 


CRATERING PHENOMENA 


A crater is formed when an explosion occurs 
at or near the ground surface. Fisure 2-70a shows 
an idealized cross section of a crater fonned by 
such an explosion. The diagram illustrates the 
dimensions that are commonly used to describe 
the crater. and the zones of subsurface defonna- 
tion that typically surround a crater, The ap- 
parent crater is defined as the crater that is 
visible on the surface, the dimensions being 
measured between fallback and the oriainal 
ground surface elevation. Fallback is mat~rial 
that was lifted or thrown out by the explosion 
and has fallen back within the true crater. The 
true crater is delineated by the approximate 
boundary between the fallback material and 


• 


ORIGINAL 
GROUND 
SURFACE 


Re------------~ 


J-.--- .~.2----+I 


TRUE CRATER 
BOUNDARV 


the rupture zone. The shape of the true crater 
is disguised by the fallback.· 


The primuy variables that affect the size 
and shape of the crater are the weapon yieJd and 
output characteristics, the height or depth of 
burst (HOB or DOB). the properties of the earth 
medium. and the geologic structure. As these 
variables change. the shape, characteristics, and 
actual dimensions of the crater change. Figure 
2-70b illustrates the general cross sectional 


shar~s of ('.raters formed as a result of various 
burst positions. 


-It is hYlurthet.b:c4 by lOme that in certain aeolOSla (notably 
thOle that are hi~IY poro\l$ and water filled) tbe Ihock waves 
Itom the excavatc4 crater may fracture the ceolopca1 matrix. 
This could lead to late-time teconsoUdation and liquefaction that 
could cause the apparent crater and the true crater to coincide 
and to be larger than the crater in I more competent seolo,)', 
This theot)' is one that has been proposed to explain the tar@e 
mallow craters produced at the Pacific Proving Ground, 


DISPLACEMENT OF 
ORIGINAL GROUND 
SURFACE 


RUPTURE 
ZONE 


Figure 2,701. 
Cross Section of • Crater from a Subsv1'lCe Nude. Detonation 
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Figure 2-7Ob. Ret.lve Cmer Sizes and Shapes Resulting from VlriOUS Burst Positions 


- 
() 


I. 
I 


J 
I 
I 


.\ 


- 
• 


c···· 
, 
'} 


( 


When a nuclear explosion occuJ's well above 
the surface, but low enough that the fsreball 
still intersects the ground surface, a shallow 
crater is formed by compression of the earth 
beneath the explosion and 1\., ejecta is pro- 
duced. As the HOB decreases. the crater volume 
increases and the proportion of the crater vol- 
ume that results from exclvation and ejection 
also increases. This holds true in a cor:tinuutn 
iliat includes surface bursts (HOB = 0) and 
buried bursts from the most shallow to the op- 
timum DOB for the weapon being considered. If 
the burst takes place at the optimum depth of 
burial, i.e., at the depth that results in maximum 
apparent crater dimensions for the weapon being 
considered. the accele~lltion of t"e earth medium 
upward by the expanding explosion sases is the 
dominant feature' of the cratering process. 
Figures 2.71a and 2.71b are photographs of ap- 
parent craters that occurred from nuclear explo- 
sions buried in soil and rock at depths neaf op- 
timum for crater formation. 
Finally. deeply buried explosions may lead to 
a subsidence crater, to a raised mound above the 
detonation point, or to no perm,anent displace- 
ment of the surface at all. 


2-46 Energy coupling 


When a nuclear weapon explodes at or above 
the surface of the earth, there are two phases in 


~! • .:. .... "'~;;;~s. of energy flow into the ground. Ti~e 
initial phase is refetted to as "radiation deposi- 
tion. .. Part of the prompt radiation output 
from the weapon (x-rays; see Chapter 4) reaches 
the ground and is absorbed in a time that is so 
short (a fraction of a microsecond) that hydro- 
dynamic motion in the ground wlll be negligible. 
The ground is heated rapidly, and most of the 
absorbed energy is reradiated back into the air 
above the surface. 
In addition to the energy deposited directly in 


the ground, the atmosphere around the source is 
heated by radiation diffusion, producing a fire- 
ball thilt radiates energy into the ground. This 


creates a thin layer of very hot plasma. At this 
stage, before any significant mass motions have 
occurred, the pHasma, a layer of very hot, high 
energy-density material, extends along the sur- 
face to a radius that depends on weapon lield 
(about 30 meters for a 1 Mt surface burst). 


The radiative coupling is completed in ap- 
proximately one to three tenths of a micro- 
second. The net enefSY pennanently absorbed 
by the ground represents about 6 percent of the 
total explosiv~ yield. 


The second phase of the process of energy 


flow into the ground is the "debris impact" 
phase. Vaporized debris from the nuclear device 
and its associated material impact the lfOund 
surface and add more energy to the earth. ntis 
debris slap may last for 3 or 4 microseconds. de- 
pending on the height of burst. and may inhibit 
some reradiation out of the ground. The energy 
from the debris impact represents only about 2 
percent of the nuclear warhead yield for a con- 
tact surface burst. 


The radiation from the air in the fireball con- 


tinues to add energy to the soil over it period of 
time that is much longer (up to several hundred 
microseconds) than the duration of the prompt- 
radiation deposition and debris impact phases. 
The amount of energy coupled by this process is 
very uncertain. 


The height of burst has an important effect 


on the radiative coupling. The air acts as an 
energy sink for some of the downward diIected 
x-rays, converting them into thermal energy. 
The radiative coupling of a 1 Mt bUJ'St at a 
height of burst of S meters could be a factor of 
two less than from a contact surface burst (HOB 
= 0 metelS) of the same yield. Because of prac- 
tical conSiderations, such as the location of the 
center of energy release in a reentty vehicle 
whose nose is just in contact with the ground, it 
is more likely that the HOB will be greater than 
zeTO. 
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Figure 2·71.. 
SEDAN Ewnt; Typ}cal Crater Fotlned by .100 kt ~tonrrtlon in I Soil 


~edlunl at Optimum DOB: R." 186 m (611 ft. t: 0. • 98.5 m (323 ft.); 
008-194 m (635ft.) 


Figur.2·71b. 
DANNY BOY Event: Typical Crater 
Formed by • 0.43 kt OetonltifJf1 In I 
Hard Rock Medium (BesIIlt) at 
Optimum 008: R, " 33.6 m 
(110 ft.'; D.- 18.9 m (62 ft.); 
008" 33.6 m (110 ft., 
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Qn the other hand, the radiative coupling may 
be increased by as much as a factor of 5 com- 
pared to surface bursts if there 'is a slight pene- 
tration of the weapon into the surface of the 
ground (3 to 5 meters for a I Mt burst). This 
greater coupling is in addition' to the well known 
increase in mechanical coupling, which is dis- 
cussed in paragraph 247. 


2-47 Mechanical Coupling 


The preceding d'iscussion outlined the flow of 
energy into the ground for cratering events that 
result from bursts at or above the surface. These 
processes take place during the flI'St several milli- 
seconds of actual crater formation. The hydro- 
dyn8JTIic portkn of crater formation may last 
for several seconds. 
, 
, 


'. Jf the explosion occurs at a height-of-burst 
greater, than 4 to 5 m/ktl/3, the crater will be 
formed 
almost 
exclusively 
by compaction. 
Scouring, which results from airblast an'd airblast 
associated winds, contributes a small fraction of 
the crater volume. Since ther.e is little fallback in 
such a crater, the true and' apparent craters are 
essentially identical. As the height of burst is de- 
creased, an increasing fraction of the crater is 
formed by excavation and ejection of ground 
material. 
In 
addition, 
compaction, 
plastic 
deformation and flow of the material in the rup- 
ture zone are principal mechanisms for crater 
furmation of very neaNurface bursts. These' 
mechanisms produc'e a slight increase in material 
density as well as considerable brittle and plastic 
failure of the ground material. The me,chanisms 
also cause a radial displacement with 'an over- 
turning of crater material around the edge of the 
crater. The top of this mound is termed the 
crater lip, After detonation, the crater maybe 
partially refllied by material falling back into the 
crater (fallback), by slumping, and by late-time 
rebound. The material thrown o,ut beyond the 
crater lip (ejecta) forms a layer whose thickness 
diminishes with radial distance from the burst 
point. 


The first diagram in Figure 2-70b illustrates 
the general crater shape that is expected from an 
above-surface burst. Despite many explosive 
cratering experiments with. nuclear and high- 
explosive (HE) devices, the complex interrela- 
tionshipsthat exist among the various mecha- 
nisms that could cause craters preclude the 
quantitative dynamics of crater formation by 
near-surface bursts from being well understood. 


The size and shape of craters from subsurface 
detonations are affected Significantly by the 
depth of burial. The dominant cratering mecha- 
nisms, which are discussed in succeeding para- 
graphs, will be related to the depths of burial 
shown in Figure 2-70b. 


• 
Crushing, Compaction, Plastic Deforma- 
tion. As the high J'ressure explosion gases 
expand against the, surrounding medium, 
a spherical shock wave is generated. The 
initial shock pressures are as large as 10 to 
100 million atmospheres. The medium 
surrounding a nuclear explosion is ini- 
tially melted and vaporized as the shock 
passes through it. As the shock front 
moves outward in a spherically diverging' 
shell, the medium behind the shock front 
is put into radial compression and tan- 
gential tension. The peak pressure in the-- 
shock front attenuates by spherical diver- 
gence and dissipative mechanisms in the 
medium. The material around the explo- 
sive charge (nuclear or HE) is crushed, 
heated, and physically displaced outward, 
forming a cavity. In regions outside this 
cavity. the shock wave will produce per- 
manent deformation by plastic flow. This 
mechanism of crater formation is a sig- 
nificant contributor to crater size for 
bursts at or just ,below the ground surface 
(FigUre 2-70b,(b»; and at depths of burial 
that result in. subsidence craters, (Figure 
2-70b,(0)_ 
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• 
Spalling. When an upward moving shock' 
(cortipressive) front encounters the air- 
ground interface, the large mismatch of" 
material properties results in the genera- 
tion of a n.egative stress (rarefaction) 
wave. The refraction wave propagates 
back into the medium in which the burst 
occurred, and puts the medium (origin~ 
ally, under high compression) into tension 
(or [less compression). This phenomenon 
causes the medium to break up and move 
up"";ard with a velocity characteristic of 
the total momentum imparted to it. In a 
loose soil material, this spalling ejects in- 
dividual particles of siJ:Tlilar siz" .into the 
air. In a rock medium, however, the thick- 
ness and size of the spalled material gen- 
erally is determined by the presence of 


pre~xisting fracture patterns and zones of 
weakness. The velocity of the spaIJed ma- 
terial decreases in proportion to the de- 
crease in peak compressive stress. The 
spall mechanism produces an extended 
rupture and plastic zone· near the ground 
surface and contributes significantly to 
the true lip height of the crater. This 


• 
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~echanism appears to be dominant in de- 
termining crater size at shallow depths of 
burial (Figure 2-70b,(c». 


Gas A cceleration. Gases are produced in 
the material surrounding the explosion by 
vaporization and chemical changes in- 
duced by heat and pressure. The near- 
adiabatic expansion of the gases imparts 
motion to the medium. At depths .of 
burial at which crater dimensions are 
maximized (optimum DOB), the cavity 
gases produce appreciable acceleration in 
overlaying material before they escape 
(vent) through cracks extending from the 
cavity to the surface. Cas acceleration is 
the dominant crater producing mechanism 
at optimum DOB (Figure 2-70b,(d». At 


shallow depths of burial the gases cannot 
exert significant pressure before ventmg 
occurs. In the case of vel)' deep explo- 
sions, the weight of the overburden pre- 
cludes any significant gas induced accel- 
eration of the overlying material. 


• 
Overburden Collapse. At depths of burial 
that are large (two or more times) com- 
.pared to the optimum, the mechanism of 
overburden collapse (subsidence) becomes 
dominant. This effect is closely linked to 
the crushing, compaction and plastic de- 
formatio'n mechanism that produces an 
underground cavity. At these large depths 
of burial, spall and ~as accelerqtion will 
not impart sufficient velocity to the over- 
lying material to eject it physically from 
the crater. It would' be expected that the 
crater volume 
would 
be determined 
largely by the underground cavity formed 
by the detonation. In a rock medium, 
however, material that is fractured and 
displaced from its original position tends 
to take up more space than it occupied in 
its natural state. This bulking action could 
result in no crater or, indeed, even a 
mound above the ground. A mound was 
produced after the SULKY detonation, as 
shown in Figure 2-72a. 
In 
certain 
geologic 
materials 
yet 
another type. of subsidence occurs. When 
the pressure in the cavity decreases below 
overburden pressure, the roof of the 
cavity begins to collapse. In most media, 
this collapse will continue upward and 
will form' a "chimney" of collapsed ma- 
terial. In a soil medium, where the density 
of the material will not change signifi- 
cantly after it has fallen, the volume of 
the cavity will be transmitted to the sur- 
face, forming a "subsidence crater" on the 
surface (Figure 2-70b,(f». This phenom- 
enon is illustrated in Figure 2-72b. 
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PREDICTION OF CRATER DIMENSIONS 


The present prediction of crater dimen- 


sions for ab6ve-surface, surface, and shallow- 
buried bursts is based on the nuclear tests con- 
ducted in dry alluvial soil at the Nevada Test 
Site and the saturated coral at the Pacific 


Provi~g Ground. Extrapolation to other geolo- 
gies is made on the basis of HE spherical-charge 
events. There have been no high-yield near- 
surface nuclear experiments in dry soil or rock. 
It is assumed that the influence of geology can 
be separated from that of the energy source. 
However, the nuclear tests conducted at the 
Pacific Proving Ground (saturated coral) and HE 
tests conducted at the Suffield Experiment Sta- 
tion (wet soil) suggest that the influence of 
geology is not entirely independent of the 
source. This fact is illustrated in Figure 2-73. 
The dimensions of the crater vary in' a com- 


plex manner as the HOB approaches the ground 
surface: but v.;th lower HOBs the apparent 
depth of the crater generally increases and the 
ratio of the apparent radius to depth decreases. 
When crater dimensions for surface, above- 
surface, and shallow-buried bursts are scaled to 
yields much greater than ] kt (for example, 1 
Mt), the calculated change in the shape of the . 
apparent crater as the yield increases is also an 
unportant consideration. This phenomenon, 
unfortunately, has not been observed in dry 
media. 


2-48 Crater Dimension Scaling 


The results of crate ring explosions of various 
yields and burst geometries have been corre- 
lated by empirical scaling· laws that express 
crater dimensions in terms of a standard yield of 
one kiloton. Crater dimensions for any other 
yield can be predicted by application of an em~ 
pirical, yield scaling exponent, as will be de- 
scribed in the succeeding paragraphs. The dimen- 


sions for which curves and scaling procedures 
will be presented are the radius of the apparent 
crater, Ra , the depth of the apparent crater, 
. D., and the apparent·volume Va. Other pertinent 
crater dimensions such as the radius to the crest 
of the apparent lip and the height of the appar- 
ent lip, may be related to the above dimensions 
by sealmg laws that will be described. 


Several burst geometries will be considered: 


above-surface (near and contact), surface, shallow- 
buried, and deep-buried bursts. The actuai 
height of burst (HOB) or depth of burst (DaB) 
is measured from the original ground surface to 
\ 
the center of energy of the weapon. The scaled 
HOB' or DOB is the actual dimension divided by 
the scaled yield (described below). Of the above- 
surface bursts (HOB/WIll> 0), the lower bursts 
are of most significance to cratering, i.e., 
HOB/WI!3 .C; 3 m/ktl/3 . A contact burst is 
considered to be one wherein the weapon is in 
contact with the ground surface, and therefore 
has·an actual HOB o'f approximately 0.5 m. A 
surface burst is one in which the HOB as defined 
above, is exactly zero. A shallow-buried burst 
has a DOB/Wl/l III; 5m/kt1/3 and the deep-buried 
burst has a DOB/WI/3 > 5 m/kt1/3. 


No single yield scaling exponent has been 
found to be valid for sealing apparent crater 
dimensions over a wide range of yield, geology. 
and HOB or' DaB. However, the following 
yield scaling exponents, ct, (yield, W (kt), to the 
ct power) have been found to be approximately 
correct for scaling the apparent crater dimen- 
sions for· sUrface/above-surface bunts and for 
deep-buried bursts: 


4 = t/3 for 0 <: HOB...; 3 m/kt l/3 


W1/3 
.' 


ct = 113.4 for ~~~ > S m/kt Ul• 
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Figure 2-73. Typical Pacific Proving Ground Crater Profiles 
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1n the shallow-buried region where the DOB/WIIl 
is less than S m/kt l!3, the yield scaling exponent, 
a, is a function of depth of burial.· It is in this 
region that 'an interpolation procedure is re- 
quired to determine 4, as will be discussed in 
paragraph 2-49. 
The near-surface region (HOB/Wl/3 <; 3 
m/ktl{3 to DOB/W1I3 <; 5 m/ktJ/3) and th'e 
buried burst (DOB/Wl/3 > 5 m/kt1l3 ) region 
will be examined separately in the succeeding 
paragraphs. Five 'generic, geologies have been 
chosen to describe the effect of various homo- 
geneous media on cratering efficiency. 


2.A9 VoluP'e of Craters from Surface 


and Near-Surface Bursts 
(HOBIW 1t3 <; 3 m/kt1l3 to 
DOBIW1l3 <; 5 m/kt1(3 ) 


Figures 2·74a through 2-7Se show the ap- 


parent crater volume, as a function of height 
of burst,t for a near-surface I kt explosion in 
various homogeneous generic geologies. Figures 
2-"74a through 2-74e are valid for yields less 
than or equal to I kt and Figures 2-7Sa through 
2-75e are valid for yields greater than 10 kt. 


For yields between 1 and 10 kt, the crater 
volume may be estimated by using the best 


~c:fimate curve of the appropriate geology for 
either I kt or 10 kt or a weighted average, de- 
pending upon the output characteristics of the 
warhead. The higher the radiative fraction, the' 


·Craters from detonations on the islands of the Pacific ProYing 
Ground (Eni\l·ell.lk and Bikini atolls) indicate thai, fOT • IIIIU- 
raled coral medium. the scaling exponenl for the IPparent 
crittr radius may be greater than 1/3 and for the crater depth, 
.miller than 1/3. Until the reason that it is neceuary to depan 
from cube-root scaling in IIIlurated coral is understood. it will 
not be possible to determine ~mi1ar depanures in other media. 


t in this group of fl8l1res, HOB is used to indicate both HOB and 
;:'':;1>. i.e., buried bllrsts are shown with. negative HOB. 


closer the crater volume will be to the W> 10 kt 
curve, If, for example, it is known that a 3 kt 
weapon of interest has a high radiative output, 
the W > 10 kt curve should be used to deter- 
mine the apparent crater volume. If, however, 
no information is available concerning the radia- 
tive output, the crater volume should be deter- 
mined by interpolation, assigning a 60 percent 
weight to the W <: 1 kt curve and 40 percent 
weight to the W > 10 kt curve, i.e., for a 3 kt 
weapon with no further information 


y'(3) = 0.6V.Otf <: 1) + 0.4 V.(W > 10). 


The yield scaling parameter, 4, for near- 


surface bursts is determined as fallows: 


HOB~ 0'4 = 0,333 
WIll 
I 


HOB 
-S <WV; < 0 (m/ktI/3 ); 4 = (see Figure 2-76a). 


Once the value of 4 is known, the apparent 
scaled crater volume can be obtained from 
Figures 2-74a through 2-7Se for a specified yield 
(W) and HOB/WCI in the appropriate geology. 
The value obtained by this procedure is the 
"best estimate" of the apparent crater volume 
for a 1 kt explosion <Val)' 


The crater volume for yields other than I kt 
may be obtained by' the following scaling 
relation: 


V. 
_I = W34 
Y.l 
• 


where Val is the apparent crater volume for a I 
kt explosion, and V. is the corresponding vol- 
ume 'for a yield of W kt. The height of burst 
scaling relation is 


HOB = wa 
HOB 1 
• 


where HOB, is the height of burst for a 1 kt 
explosion, and HOB is the corresponding height 
of burst for a yield of W kt. 
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The u:ncertainty in the crater volume for W <;; 
I let is I based on HE cratering results. It is 
assumed that the un~rtainty is independent of 
geology 'and yield. The bounds shown in Figures 
2-74a through 2-74e are not the results of a de- 
tailed st,atistical analysis. These bounds contain 
95 percent of the experimental data, but statis- 
tical implications should not be drawn from this 
fact. 


The best estimate for the W> J 0 kt curve was 


detlOlrmined by nuclear data from the Pacific .' 
Proving 'Ground. The lower bound was suggested 
by calculations. and was influenced by-the fact 
that all the nuclear data were obtained from de- 
lices tJ:lat were very dissimilar to modern 
weapons. 


2-50 Crater Shapes and Dimensions for 
Surface and near-Surface Bursts 


The Shape of the crater from a near-surface 
burst must be known to determine the radius 
and depth from the crater volume and the ex- 
plosiveyieJd. The shape depends mainly on the 
yield, the l:ocaJed height of burst, and the geol- 
ogy Table 2-8 shows the shape to be expected 
as a function of these three variables. The suc- 
ceeding I discussion provides the necessary scaJ- 
ing relationships to determine the dimensions 
for the various shapes: Separate procedures are 
prOVided tor each of the yield/HOB combina- 
tions shown in Table 2-8. 


Table 2-8. Classification of Crater Shapes from 
Near Surface Bursts as a Function of 'field, 


Height of Burst, end Geology 


Yield 
Scaled HOB 


(m/kt 113) 
Geology 
W" I kt 
All 
All 


W>lkt 
HOBJ~/3;>O 
All 


W> 1 kt -5" HOB/WI /3 < 0 Unsaturated 


Saturated 
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Crater 
Shape 


Bowl 


Dish 


Dish/Bowl 


Dish 


a. W <; 1 kt 


The crater shape for near-surface bursts (-5 
m/ktl/3 <: HOB/WI/3 <; 3 m/ktll3 ) in all geol- 
ogies for W <; 1 kt is best described as bowl- 
shaped. The dimensions of the apparent crater 
radius, R., and apparent crater depth (D.) for 
these bursts are given by the foJJowing ex- 
pressions: 


1.1 v.1I3 < R • ..;;; 1.4 v.1I3, 


0.35 VaI!3 <;;D. <0.7 v.1I3., 


The best estimates for Ra and Da' are 


R. = 1.2 Va1/3, 


Da = 0.5 V.1/3, 


where V. = the best estimate apparent volume. 
a 
. 


b. W> 1 kt 
The crater shape for near-surface bursts in 
which W> I kt depends on the yield and HOB. 


(]) HOB/k'1/3 ~ O. 


For above-surface bursts (HOBMl/3 ~ 0), in 
which W > I kt, the crater shape is best de- 
scribed as dish-shaped and the crater dimensions 
are determined by the expressions 
R 
. 
1. J Wo.os <;; V.U3 < 1.4 WO.08, 


a 


0.35 W~·12 os.;; ~l3 "0.7 W-OJ2 
• 


The best estimates for Ra and Da are 
R. 
' 


V.1I3 = 1.2 WO·os, 
• 
D. 
v.m- = O.S W-O.l2. 
a 


where Va = the best estimate apparent volume. 


) 


I 


i. r 


(2) HOB/W1l3 < 0 


For near-surface buried events 


(0 < D~! ~ 5 m/kta), 


in which W > kt, the shape of the crater may be 
either "bowl" or "dish" in nature or some com- 
bination of the two extremes. Mechanisms such 
as compaction, rebound, bulking, slumping and 
iayering effects playa significant role in the fmal 
crater shape. Cratering experience to date is not 
sufficient 
to 
make 
quantitative judgments 
regarding the impact of each mechanism. 
The apparent crater dimensions for near- 


surface buried events are determined by the 
expressions 


Ra 
v.m = 1.2 Wb meters, 
a 


Da 
V. 1/3 = 0.5 w-c meters. 
a 


The values of the exponents (b, c), as a function 
of DOB, are found in: Figui'es 2-76b and 2-76c. 
These exponents are necessary to ensure a 
smooth continuous curve for the radii of large 
yield (I Mt) bursts as the depth of burial in- 
creases. Existing data indicate that above-surface 
bursts of high yield nuclear explosions produce 
dish-shaped craters and buried nuclear explo- 
sions produce bowl-shaped craters. However, 
since no data exist in the region 


DOB 
0< wa 
~ 5 (m/kra), 


it is necessary to provide a transition 'region in 
which the crater produced is neither dish-shaped 
nor bowl-shaped, but some intermediate of the 
two extremes. The above equations proo.uce 
this smooth transition region for the crater 
dimensions. 
It has been noted, however, that in highly 


saturated media slope failure and/or liquefac- 
tion can produce a shallow crater for buried, 


t:~~nts. High explosive tests conducted' at Fort 


Polk, Louisiana are good examples of these 
phenomena. 


Other pertinent crater dimensions may be 
related to the above dimensions as follows: 


• 
The radius to the crater lip crest is 


RaR = J.2SRa· 


• 
The height of the apparent lip is 


.25D. <:'H.~ <:. .33D. 


(near-surface bursts). 


A summary of the procedures for calculating 
craters from near-surface bursts is given on page 
2-161, immediately preceding the applicable 
figures. 


2·51 Dimensions of CraterS from 
Deep·Buried ExplOSions 


Cratering experiments with chemical explo- 
sives (HE) and nuclear explosions (NE) suggest 
that linear dimensions of craters from buried 
explosions scale. according to a modified over- 
burden rule. This scaling rule is somewhat cum- 
bersome to use for the computation of crater 
dimensions, and the available data do not con- 
clusively prove the validitY of any single scaling 
rule. Therefore, a simplified yield scaling ex- 
ponent, yield (kt) to the 1/3.4 power, has been 
chosen for scaling apparent crater dimensions 
for scaled DOBs greater than 5 m/kt 1/3. Figures 
2-77 through 2:-81 may be used to obtain ap- 
. parent crater volumes for buried bursts in each 
of the soil types indicated. The curves in these 
figures are valid for all yields. The uncertainty 
in crater volume is independent of geology and 
yield, and is based on HE cratering results. 


Crater radius and depth are given by the fol- 


lowing expressions 
. 


1.1 Vam < R. < 1.4 v.l/3 , 


0.35 Vall] <D. <; 0.7 VaII3. 
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These expressions are valid for deep-buried 
bursts in· all geologies for all yields. The best 
estimates for the crater dimensions are 


R. = 1.2 v.1f3, 


D. = 0.5 V.1/ 3, 


where V.' is the best estimate of the apparent 
volume. 
It is possible that slumping of the walls will 
produce a wide, shallow crater for some yield- 
DO B com bina tions in a saturated geology. The 
resulting. crater shape is neither "bowl" nor 
"dish" in nature; it is some combination of the 
two. The only explosions to date that resulted in 
such occurrences in the craters have been in a 
very wet, clay soil with the explosive charge at 
or near trye optimum depth of burial. 
The uncertainty in crater c\;mensions ob- 
tained from the expressions given above is, how- 
ever, approximately correct for any specified 
crater volume. If the crater volume is chosen as 
the lowe: or upper uncertainty band from 
Figures 2-77 through 2-81, then the expressions 
for the radius and depth are still valid. A new 
range of crater dimensions is determined by 
using the equations and the chosen volume. 
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Figure 2-82 coritains the best .estimate predic- 


tion for high-explosive detonations m the five 
gene:ic homogeneous geologies. These curves 
show the relative crater volumes for the geolo- 
gies. The curves can be . used as a guide as to the 
proper nuclear curve to use, for a new or un- 
known geology. If some HE cratering data are 
available, the curves of Figure 2-82 can be used 
to determine which homogeneous geology is 
best for the problem. This figure should not be 
used to calculate crater volume for nuclear 
explosions. 


Other pertinent crater dimensions may be re- 


Jated to the above dimensions as follows: 


• 
The radius to the crater lip crest is 


Ra~ = 1.25R •. 


• 
The height of the apparent lip is 


.20Da "HI!< <; .25Da 
(deep-buried bursts). 


A'summary of the procedures for calculating 
craters from deep-buried bursts is given on page 
2-179, immediately preceding the applicable 
figures. 
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SUMMARY OF PROCEDURES FOR CALCULATING CRATERS FROM NEAR·SURFACE BURSTS 


(-5 m/kt 113 <E;; HOB/W1/3 <E;; 3 mlkt'/3) 


Figures 2-74a through 2-7Se and 2·76a, b and 
. c, together with appropriate scaling laws, may be 
used to obtain crater volumes and dimensions 
frorr near-surface bursts in a variety of situa- 
tions. The following summary provides a step~ 


by-~t"'p procedure for obtaining such informa- 
tion .. Exanlple problems are provided on the 
page!. immediately following the figures. 


Required (either given or estimated) 


Yield (11.') in kt 
Actual HOB or DOB (may be zero if required) 
Soil type (one of· the five generic types or a 
combination; see Figure 2-86b). 


!. Determine yield scaJing parameter, a, for 
burst position: 
a. HOB/WI13 ~ 0"'" a = ]/3 E 0.333, 
b. 0 < DOB/k'I/3 ".;; 5 m/kt l/3 ...,.. a from 
Figure 2·76a. 


Actual HOB 
2. Compute HOB l (HOB for I kt) = 
lila. 


or DOB~ (DOB for I kt) = Actu~JaDOB 


3. Determine Va] (apparent-crater volume for 


I kt): 
a, If Jf".;; 1 kt, use curve for given soil type 
from Figures 2-74a through 2-74e. 
b. If k' > 10 kt, use curve for given soil type 
from Figures 2-75a through 2-75e. 
c. If I kt < W <E;; 10 kt, with low or un- 


known radiative output, interpolate using 
Va] = 0.6 Va} (from W", I kt curve) + 0.4 


J~ (from W> 10 kt curve). 
d. If I kt < W ~ IO kt with known high 


radiative output, use curve for given soil 
type from Figures 2-75a to 2-75e. 


4. Compute V. (actual crater volume for yield 


otner than] kt): 


V. (actual volume) = Val (Wla). 


These curves are provided for each soil type: 
best estimate, upper bound, and lower 
bound. Using the following guidelines, select 
the curve most appropriate to the problem. 
a. Use best estimate Val if no specific geo- 
logic data are given. If actual HE tests are 
available for a specific site, compare them 
with the HE c\.:;ves in E.;ure 2-82, and 
move toward the upper or lower bound 
NE curve to adjust for these data, depend- 
ing on where the data are grouped. 
b. Use lower bourui Va} (if desirable) for 
target-oriented 
caJculations 
(offensive- 


conservative) to calculate Ra or D •. Con- 
sider lower-bound Va} (or targeting when 
caJculating crater volume-related phenom- 
ena, such as ejecta, transient velocity or 
displacement. • 


c. Use upper-bourui Va] (if desirable) for 
design-oriented calculations (defense-con- 
servative) to caJculate Ra or D •. Consider 
upper bound Val for design when calcu- 
lating crater-related phenomena affected 
by volume. 


d. For W > 10 kt, the discrepancy between 
the theoretical calculations and the empir- 
ical data in our understanding of the 
energy coupling produced by modem 
weapons detonated at low HOBs or in 
contact· with the earth (HOB = 0.5 m) 


-In all insllDces it U I'eCOIIUI1eIIIl that upper &Dd lower bound 
values be c:alculated in order to pin an appreciation of the 
effecu or UDcer1&iDtia OD the puticll1as problem under con· 
IIidel'ltion. 
. 
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must be considered. (See paragraph 2-49.) 
Since this discrepancy only occurs in the 
lower-bound V. values, it principally in- 
fluences targeting, or offensive-conserva- 


tive~ problems. 
It is recommended that the lower-bound 


V. values be considered in calculating kill 
probabilities (Pk ) due to the crater, but 
that hi~h credence in crate ring Pk not be 
used in assessing overall system Pk . 
Note: This cratering discrepancy is a sys- 
tematic uncertainty and should not be 
treated as a random uncertainty. 


5. Calculate Ra and Da using the expression 
from the following table that fits the )'i~ld 
and HOB and inserting the appropriate Va: 


Yield 


Near·Surface Bursts 


Above Surface 
HOB 
(WW ;> 0) 


R =11yl!3 
a 
.... 
a 


Below Surface 


(~c;;,Sm/ktl!3) 
Wll~ 


same 


same 


Ra = 1.2 WO.08 V.1/3 Ra = 1.2 'W' Val13 


D =0 5W.o·J2V 1/3 D =QSW-c yl/3 
a' 
a 
a' 
a 


·See FllUres 2·76b and 2·76c for determining band c. 
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The dimensions Ra, Da. and V. can be related 
to other pertinent :crater dimensions as follows: 


• 
The radius to the crest of the apparent- 
crater lip is 


• 
The height of the apparent lip is 


for near-surface bursts.t 


Variations in the thickness of the ejecta as a 
function of range from the surface ground zero 
(SGZ) are discussed in paragraphs 2-52 and 2·53. 


t An exception to thiS is a similar crater rormed by iII! explosion 
ill the Pacific Proving Ground. The crater had no lip and greatly 
reduced ejecta: It is thought thai such a crater shape mal have 
been the result of • late-time ·recoruolidation/liquefaction pro- 
cess, Il{h.ich caused the crater lip to be below the water liurface. 
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Figure 2-74a. Apparel'lt Crater Volume for. '-Kiloton Near-Surface Explosion in Dry Soil; 
Applicable for W <; 1 kt 
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Figure 2-74b. 
Apparent Crater Volume for a l-Kiloton Near-$urfllC8 Explosion in 
Wet Soil; Applicable for W .;;; 1 kt 
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Figur~ 2-74e. 
Apparent Crater Volume for I 1 Kiloton Nur·Surf.ce Explosion in 
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Figure 2-7&.. 
Apparent Crlter Volume for 11 Kiioton·Neer·Surfece Expl05ion in 
OrySoil; Applicable for W > 10 kt 
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Figure 2-75b. 
Awarenl Crlter Volume for I 1 KilOton Nllr·SurfKe Explosion in 
Wet Soil; Applicable for W > '0 kt 
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Figure 2·75c. 
ApPifent Crlter Volume for 11 Kiloton Nelr-SurflCe Explosion in 
Dry Soft Rock; Applicable for W > 10 kt 
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Figure 2-75d. 
Apparent Cr.ter Volume for .,·Kiloton N •• r·SurflCe bplosion in 
Wet Soft Roc:k; Applicable fOr W > 10 kt 


2 


106 


8 


6 


.. 


2 


lOS' 
e 


6 


.. 


2 


104 


B 


6 


:2 


103 
• 
6 
.. 


(' 
;; 


"~ 
t! E 
w 
:E 
::> 
..J 
0 > 


2·171 


= 


2·172 


HOBmG (ft/tt a; 


4 ~ 
......................... +-..... +-..... +_ ..... +_ ..... ~ 
..... ~ 
..... ~ 
..... ~ 
..... ~ 


..... --1 ..... __1 ~ 
10" 


~ 
~ B 
..... --1 ............ ~ 


~ 6 
- 
- 
4 


6 __-----+-/~+_--.-'I__~/--+--+--+---+---t _ 2 


~~----------~~----~--~~~r_~--~--~--+_~ 
~ 
~ 
.......... ----..... +-..... +~~.~---4---4 ..... --1----1~~~--4~1~ 


2~----............... +-~~~ ..... +---+-..... ~ 
..... ~--~~~--~~ 8 


/' 
HAIRD ROcIK 
~ 6 


10' 1.;... ..... ________ ~--..L---..L...--~--..L...-..r...--'--...&..--' ~ ," 
3 
0 
-5 


H08M4 Cm/tt ~ 
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Apparent Crater Volume for I , Kiloton Nelr-Surface Explosion in 
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Figure 2-76a. 
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Figure 2·76b. 
Yield Trlnsition Exponent, b, for Calculltion of the 
Radius of Near-Surflce, Buried Explosions W > 1 kt 


I ('J 


. i 
. , I 
I 
I; 
r " ! 
; 


f 


I 
I 


0.12 


0.10 


0.08 


UI 
0.06 


0.04 


0.02 


D 


DOBrvi' lft/k\~ 


o 
2 
.. 
6 
8 
10 
12 
,.. 
16 


I 
I I I I I I I I 1 I I I I I I 


~ , 


!\. 
- 
\ 


o 


DlpJ I I 
W >1 KT 
- 
NEAR SURFACE 


~ 
~ 
'" i'-~ 
....... ...... 
23" 


ooervi' Cmlkt~ 


Fip.lre 2-7&. 
Yield Transition hponent, C, for Celcull1ion of 1:he Depth of 
Nelr-SurllCe, Burie<i Explosions, W > , kt 
2·) 7S 


·1 


j''1 


. .1 


Problem 2·22. Crater Dimensions for Above-Surface Bursts 


(HOB> 0) 


Figures 2·74a through 2-75e include curves 
that indicate the apparent crater volume as a 
function of HOB for a 1 kt explosion in various 
homogeneous media. 
Scaling. For yields other than I kt, the crater 
volume scales as follows: 


Val = W3a , 


where "~' is the apparent crater volume for a I 
kt explosi'on, and ~ is the corresponding volume 
for a yield of W kt. The heightof.burst scales as 


HOB 
HOBI = Wa 


Example: 
Given . . A hypothetical 300 kt contact burst 
on dry soil. 
Find. The apparent crater radius and depth. 
Solution: The HOB for a contact nuclear ex- 


plosion is 0.5 meters. From paragraph 2-49, 


a = 0.3333 


for HOB ;;l: O. Therefore, 


HOB - HOB - ~ 
- 0 075 
Ik 1'3 
I - 
W" - (300)1/3 -. 
m, t, . 


From Figure 2·75a, the apparent crater volume 
for a 1 kt explosion at a scaled HOB of 0.075 
m/ktl/3 in dry soil is 


Va] :: 1.25 x 103 m3/kt 3a 


Va = Val (Ji')3a I: 1.25 x )03 (300)1.0 


= 3.75 x lOs m3 . 


Answer.' The dimensions of the crater for a 300 
kt contact burst are 
Ra . 
. 
. 


'"'j07!= 1.2 WO·08 = 1.2 (300)0.08 = 1.89, 
a 
R. ='1.89 (Va) 1/3 =1.89 (3.75 X IOS)1/3 


= 137 meters, 


2·176 


and 


LJ, 
' 
v. 1I3 = 0.5 W~.l2 = 0.5 (300)~·J 2 = 0.252, 


a 
LJ. = 0.252 (V. )1/3 = 0.252 (3.75 X lOs )1/3 


= ] 8.2 meters. 


Uncertainty. The dimensions of the apparent 
crater obtained for the above problem have a 
range of uncertainties that are dermed by the 
following: 


R 
1.1 WO.08 <;; v. 1:3 <;; 1.4 Wo.OS 


a 


125110; Ra 110; 159 meters, 
and 


0.35 W~·12 110; ~l311O;0.7 W~12 


a 


The characteristics of the medium represent a 
major uncertainty in the crater data presented in 
Figure 2-74a through 2· 75e. Details concerning 
material properties and geologic structure are 
not usually known about any particular site, 
but, in many ~ases small changes in these media 
characteristics can cause large changes in crater 
dimensions. The largest changes usually occur in 
the presence of an intersecting water table or a 
layered medium. Therefore. the range of uncer- 
tainty for a generic geology such as "wet soil" 
can be quite large, especiaUy in the prediction 
of the apparent aater depth. 


Re14ted 
MaterilJl: 
See 
paragraphs 
2-46 


through 2·50; see also paragraphs 1·14 and 1·33. 


, 
.. " 
~ .. 


I 


~. 
I I 


Problem 2·23. Crater Dimensions for I Shallow Burien Burst 


Figures 2-74a through 2,7 5e include curves 
that indicate the apparent crater volume as a 
function of HOB for 1 kt explosion in various 
homogeneous media. 


Scaling. For Yields other than 1 kt, the 
crater volume scales as follows: 


Va 
. 
-: 
W3a 


Val 


where Val is the apparent crater volume for a I 
kt explosion, and Va is the corresponding vol- 
ume for a yield of Wkt. Th.e height of burst 
scales as 


Example: 
Gil'en. A hypothetical 30 kt burst in wet soft 
rock at a depth of burial of 3 meters. 
Find. The apparent crater radius and depth. 
So/urion' The value of a. is obtained from 
Figure 2-76a, which must be entered with the 
scaled DOB. 


The scaled DOB is 


DOB ~ 
3 
- 0 96' 5 
/k 1/3 
Wli3 - (30)1/3 -. 
m 
t 
. 


From Fhmre 2-76a, 


a = 0.299. 


The scaled HOB is 


HOB-3 
HOB I, ="'"jiiQ ='(30)0.299 = - 1.09 mlkta.'" 


From Figure 2-7Sd" the apparent crater volume 
for a I kt explosion, at HOB = -1.09 m/kta in 
wet soft rock. is. 


and 


VaJ = 2.20 X 104 m3/kt la • 


~ = Va] (W)3a = 2.20 xl04 (30)0.897 


= 4.65 x lOS m'3. 


The' dirriensions for the 30 kt explosion are de- 
termined from the following expressions: 
, 
. R 
v:rh = 1.2 Wb, 


a 
D 
.' a -05 W~ 
v.m- 
~ 
. 
a 


From Figures 2-76b 'and 2·76c the values of the 
yield transition exponents, b and c, at a scaled 
OOB of 1.09 m/k to (HOB = -I :09 m/k tCl ) are: 


b = 0.023, 
c = 0.033. 


Answer: The dimensions of the crater for a 30 


kt explosion at a DOB of 3 meters are: 
R 
v.m- = 1.2 WO.OB = 1.2 (30)0 023 :: 1.30. 


a 


Ra = 1.30(4.65 x 105)1/3::;: lOT meters, 


and 
D 


V. 1t3 = 0.5 W- O.033 = 0.5 (30)-°·033 = 0.447, 


1\ 
. 
Da :: 0.447 (4.65 x . lOs )1/3 :' 34.6 meters. 


Un ctmainty. The ranges of uncertainty for 
the radius and the'depth are 


I I WO.023 <;, ~ 
~ I 4 WO.023 
. 
VaI/3" 


92 <; Ra <; 117 meters, 


, 
D . 
0.35 W-o· 033 ..; y'1:3 <; 0.7 W-O.033, 
·a 


and 


24 C;;0a ..;; 49 meters. 


Re/Qled Material: See paragraphs 2-46 through 
2·50; see also parilgraphs 1-14 and 1-33. 


-This could bt Writtell' DOBI· • .e2!. 
3 
• 1.09 m/k~a 
. 
..,4 
(30)0.299 
• 


i.e., HOB" -1.09 is eqlliYllait 10 DOB .. 1.09. 


. . 


\ , 


Problem 2·24. Crater Dimensions for a Low Yield Near·Surface Explosion 


Figur~s 2-74a through 2,75e include curves 
that indicate the apparent crater volume as a 
function' of HOB for I kt explosion in various 
homogeneous media. 


Scali JIg. For yields other than 1 kt, the 
crater volume scales as follows 


VI 
-= W3a 
Val 
' 


where Val is the apparent crater volume for a 1 
kt explosion, and v.. is the corresponding vol- 
ume for a yield of k' kt. The height of burst 
scales as 


Example: 
Gil'en: A hypothet'ical 3 kt burst over wet 
soil at a height of burst of I meter. 
Find: The apparent crater radius and depth. 
Solution: From paragraph 2-49, 


HOB = HOB = ....!.,;,Q". = 0.693 m/kt1/3. 


I 
I 
k'a 
(3)1/3 
. 


The apparent crater volume for a 3 kt burst will 
be detennined by interpolating between the best 
estimate values from Figures 2-74b and 2-75b. 


Va (3,) = 0.6 Va (W <; I) + 0.4 Va (W > 10), 
:-.v ... :-;0";1'; :-74b, the apparent crater volume 
for a I. -kt explosion (for W <;; I), at a scaled 
HOB = 0.693 m/kt1/3, in wet soil is 


Val = 7.00 X 103 m3/kt3a , 
and 


VI (W OS;; 1).= Val (W)3a = 7.00 x 103 (3)1.0 


= 2.10 x 1()4 m3. 
From F)gure 2-75b, the apparent crater volume 
for a 1 kt explosion (W > 10), at a scaled HOB 
= 0.693 m/k tl 13. in wet soil is 


Val = I.S0x 103 m3/kt3a 


and 


V. (W> 10)=V.1 (W)3a= 1.80 x 103 (3)1.0 


= 5.40 x 103 m 3. 
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Therefore, for a 3 kt burst 


V. =0.6(2:10x 1(4)+0.4(5.40x 103 ) 


= 1.48 x 104 ml. 


Answer: The apparent crater dimensions for 
a 3 kt explosion with HOB of 1 meter are: 
R. 
v.m = 1.2 WO·08 = 1.2 (3)°·08 = 1.31, 
. 
.' 
R. = 1.31 (Va)!/l = 32.2 meters, 


and 
D 
v.'.'; = 0.5 W-O.12 ~0.5 (3)-0.12 = 0.438, 


B 


D. = 0.438 (Va)1/3 = 10.8 meters. 


Uncertainty. The dimensions of the apparent 
crater obtained for the above problem have a 
range of uncertainty that is defmed by the 
following: 


)' I WO.OB "...&. <; 1.4 WO.OB 
. 
Vall 3 


29 EO;; Ra <;; 38 meters 


D. 


0.35 W-O.12 <; v. li3 .;;;; 0.7 W-O.12 


a 


and 


8 "DB <;; 15 meters. 


If the 3 kt weapon in the preceding example 
were known to have a high ndiative output, 
similar to weapons of larger yield (10 kt), then 
the best estimate for the apparent crater volume 
would be found using only Figure 2-75b. There- 
fore, Va would be given by 


and 


V. = 5.40 X 103 m3, 


·R. = 1.31 <Va)1I3 = 23.0 meters, 


D~ = 0.438 <Va)1I3 = 7.7 meters 
Related Materill1: See paragraphs 2-46 through 


2-50; see also paragraphs J-J4 and J-33. 
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SUMMARY OF PROCEDURES FOR CALCULATING CRATERS FROM 


DEEP-BURIED BURSTS (DOBIW113 > 5 m/kt 113) 


Figures 2-77 through 2-81, together with 
appropriate scaling laws may be used to obtain 
crater volumes from deep-buried bursts in a vari- 
ety of situations. The fonowing summary pro- 
vides a step-by-step procedure for obtaining such 
information. An example problem is provided 
immediately fonowing the figures. 


Required (either given or estimated): 
Yield (k') in kt 
Actual DOB 
Soil Type (one of the five generic types or a 
combination; (see Figures 2-82 and 2-86b). 
Yield-scaling parameters, a, for burst position: 
00B/W1/3 > 5 m/kt l/3 ... a = 1/3.4 


1. Compute DOB 1 


(DOB for I kt) = Actu~QDOB 


2. Determine v..l (apparent-crater volume for 
1 kt),· using curve for given soil type from 
Figures 2-77 to 2-81. 


3. Compute 
Va 
(a"ctuaJ crater volume for 
yield other than I I<t): 


Va (actual volume) = Val (W)C). 


Three curves are provided for each soil 
type: best estimate, upper bound, and 
lower bound. Using the following guide- 
lines, select the curve most appropriate to 
the problem. 


a. Use best estimate v,J if no specific geo- 


logic data are given. If actual HE test are 
available for specific site, compare .them 
with the HE curves in Figure 2-82. and 
move toward the upper or lower' bound 
NE curve to adjust for the.se data. de- 
pending on where the data are grouped. 


b. Use Iower-bound Val (if desirable) for 
target-oriented ca]culations (offensive- 
conservative) and to calculate R.. or D II . 
Consider Iower-bound Val for targeting 
when calculating crater-volume-related 
phenomena such as ejecta, transient 
velocity, or displacement. II< 


c. Use upper-bound Va] (if desirable) for 
desi,gn-oriented 
calculations 
(defense- 


conservative) and to calculate Ra or Da' 
Consider upper-bound Val 
for design 


when calculating crater-related phenom- 
ena affected by volume. 


4. Calculate R. and D, using the following 
expressions: 


R. = 1.2 v..1/3 


D, = 0.5 Val13 


The dimensions Ra. D., and v.. can be re- 


lated to other pertinent crater dimensions as 
follows: 


• 
The radius to the crest of the apparent- 


c~ater lip is 


RaE = 1.25 R •. 


• 
The height or the apparent lip is 


O.20D. <" H.~ <; 0.25 Da 


for deep-buried bursts. 


Variations in the thickness of the ejecta as a 
function of range from the surface grouna. zero 
(SGZ) are discussed in paragraphs 2-52 and 2-53. 


-In all instances it iJ recommended lhallipPer and lo'llltl! bound 
YIIues be calc:ulated in order 10 pin an appreciation of Ihe 
effeclS of uncenainties on the paltiell1u problem under COR- 
lideration. 
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Figure 2-77. .Crlner Volume IS • Function of Depth of Burill for I' Kiloton 
Explosion Buried in Dry Soil 
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Figure 2-78. Crlter Volume IS • Function of Depth of Burill for I , Kiloton 


Explosion Buried in Wet Soil 
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ExplOSion Buried in Dry Soft Rock 
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Figure 2-80. 'Crlter Volume IS. Function of OIpth of Burial for. 1 Kiloton 
Explosion Buried in Wet Soft Rock 
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Figure 2-81. Crlter Volume 11$ I Function of Depth of Burill for I 1 ICllotr:m 
Explosion Buried in Hlrd Rock 
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Problem 2·25. C8lcul,ation of Depth of Burial for Optimum Crater 


Figures 2·77 through 2·81 show curves that· 
. indicate the apparent crater volume as. a func- 
tion of DOB for a I kt explosion in various 
media which are indicated.in each figure. 
Scaling. For yields other than 1 kt the crater 
volume and depth of buriaJ scaJe as 


DOB = WIIH 
DOB) 
I 


Va 
v.-= W3f3,4, 
al 


where DOB 1 and Va] are the depth of burst and 
apparent crater volume for a 1 .. 1 explosi("l, and 
DOB and v.. are the. corresponding quantities for 
a yield of W I<t. 


Example. 
Gi.'en: A hypothetical 3 kt explosion in hard 
rock. 


Find. The depth of burst at which the maxi- 


mum apparent crater will occur, and,the dimen- 
sions of the" apparent crater at this depth of' 
burst. 
. 
. 


Solution: From Figure 2·81, the maximum 
crater volume from a 1 kt explosion in hard 
rock occurs at a DOB 1 of 30.5 meters (note that 
the (,:urve is (lat in this -region, and a variation of 


l'l few meters in DOB will have a small effect on 
V). The apparent volume of the crater from such 
a burst is 


VI = 7.20 X 104 rn 3. 


Answer: The corresponding depth of burst 
and crater volume for a 3 kt explosion are 


DOB.= (DOB1) (W)l/3.4 = 30.5 (3)113.04 


= 42.1 meters, 


V. = (Val )(W)3/3 ... = 7.20 x 1 ()4 (3)3/3.4 


=1.90xlOSm'. 


'. The apparent crater dimensions are defined by 
the expressions 
R. = 1.2 VallJ = 1.2 (1.90 x )Os )1/3 
= 69.0 meters, 


D. = O.S Vall3 = 0.5 (1.90 x 10s)1I3 


= 28.7 meters. 


Uncertainty.~ The dimensions of the apparent 


crater have a range of uncertainty that is defined 
by the expressions 


1.1 VaI I3 <:;R, <. 1.4 Ya1i3, . 


63 <R, <; 80 meters; 


0.35 Yal /3 <; D, <; 0.70 Yal /3, 


20 <.D. <; 40 meters. 
In addition, the uncertainty in crater volume is 
given by 


V. (m~n) = Val (min) W3!3,4, 


Va (min) = 2,80 x 104 (3)3/3.4, 


= 7.38 x 1Q4 m3, 


V. (max) = Val (max) W3{3.4, 
V. (max) = 1045 x ] Os (3)3/3'1, 


= 3.82 x lOS m3. 
Related Material: See paragraph 2-S 1; see also 
paragraph 1-14 and )-33. 
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EJECTA 


_ Crater !ejecta consists of soil or rock debris 
that is thrown beyond the boundaries of the 
apparent crater by an explosion. Together with 
the fallback, which lies between the true and 
apparent crater boundaries, ejecta comprises all 
material that is completely dissociated from the 
parent medium by the explosion. The ejecta 
field is divided into two zones: 


• 
The crater lip, including the continuous 
ejecta surrounding the apparent crater. 


• 
The discontinuous ejecta, comprised of 
the disCT_ete natural missiles that fall 
beyond the limit of continuous ejecta. 
The principal parameters used to describe the 
- ej ecta are: 


• 
The average lip crest height. 


• 
The radius to the crest of the crater lip 
from surface ground zero (SGZ). 


• 
The depth of deposition. 


• 
The ejecta mass density. 


• 
The missile size distribution, which is a 
function of the azimuthal and radial dis- 
tance from SGZ, the radius to the outer 
boundary of continuous ejecta, and the 
maximum missile range. 


The principal variables that control the ejecta 
parameters are the yield and geometry, and the 
physical characteristics of the earth medium. 
Figure 2-83a shows the throwout {)f ejecta 
from the SEDAN Event, a 100 kt explosion at a 
depth of 635 feet. 


2·52 Ejecta Thickness 


The amount and linear extent of the continu- 
ously deposited ejecta in the crater lip are deter- 
mined primarily by the yield. The radial limit of 
continuous ejecta, which is the ol!ter edge of the 
lip, will usually vary between 2 and 3 times the 
apparent crater radius. The lip crest height above 
the original surface is estimated to be one-fourth 
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of the apparent crater depth (Ha~ = 0.25 Da• 
paragraphs 2-50 and 2-5]). The depth of ejecta 
decreases rapidly in an exponential fashion as 
the distance fromSGZ increases. About 80 to 
90 percent of the entire ejecta volume generally 
is deposited within the area of continuous ejecta. 
AnalYSis of data for· craters formed by near· 
surface bursts over soil indicates that ejecta mass 
represents approximately 5 S percent of the 
apparent crater mass (the remainder being found 
in fallback, compaction, and the dust cloud, 
which is blown away). When the same yields ex- 
plode at successively greater depths, ejecta mass 
increases significantly until the optlmum DOB is 
reached. Ejecta thickness can be estimated for 


so~ as follo\·· .. (aU dimensions are in feet): 


Ie = O.9V. 1.6 R·3.86, for R>2.2V.1/3 


where t e is th.e ejecta thickl'!ess, VI is the ap- 
parent crater volume, and R is the distance from 
SGZ to the point of iitterest. This formula (or 
ejecta thickness assumes that the ejecta mass 
density will be approximately equal to the ori· 
ginal in-situ density of the medium. The equa- 
tion may be considered valid for a soil medium; 
however, the bulking, which is inherent in a dis- 
turbed rock medium would result in greater 
ejecta thicknesses than predicted by the formula. 
Therefore, in a rock medium, the eject& thick- 
ness should be mcreased by 30 percent to ac- 
count for the bulking, i.e., the formula for a 
rock medium is 


t 
= 1 17V 1.6R ·3.86 ror R> 2 2V 1/3 
e 
. 
I 
' I' 
'. 


2·53 Maximum Miaile Range 


Figure 2-83b shows the maximum missile 
range as a function of depth of burst for a J kt 
explosion in two soil types. These data are based 
on empirical results from several nuclear ex- 
plosions. 
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Figtlre 2-838. 'fhrowout of Ejecta from the 100-kt SEDAN Event 
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Problem 2-26a. 
Calcul~ion of Ejecta Thickness 


Paragiaph 2-52 provides formulas for the 
prediction of ejecta thickness as a function of 
distance, from surface ground zero and 'the 
apparent crater volume (Va). Va may be ob- 
tained {rom Figures 2-74a through 2·76c for 
near surface bursts and 2~77 through 2-S1 for 
deep-bu-ried bursts by the methods ,described 
in paragraphs 249 through 2-51. , 


£.xa":ple: 


Gh'en: A hypothetical 300 kt contact surface 
burst (center of gravity of the weapon p.5 
meters above the surface) will produce a crater 
predicted to have an apparent radius of 137 
meters, an apparent d~pth of 18.2 meters and 
an apparent volume of 3.75 x ) 05 cubic meters 
in dry s,?il. (See problem 2-22). 
, 
Find: The thickness of the ejecta at a distance 
of 300 meters from SGZ. 
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Solution: 


R = 300 meters, 
<l 
2.2V 1/3 = 2.2(3.7SxlO')1/3 = 159 meters 
• 
. R >2.2V.1/3 


Therefore the equation for soil given in para- 
graph 2-52 applies. 


.A nsw'er: The ejecta thickness is 


Ie = 0.9V.1:6 R-3.16 


Ie = 0.9 (3.75xlOS) 1.6 (300)-3.86 = 


0.20 meters 


Reliability: Based on empirical formulas de- 


rived from high explosive and nuclear burst. 
Specific reliability has not been estimated. 
Related Material: See paragraph 2-49 through 


2-52. See also Problem 2-22. 
' 


h-, , 


I ,. 
I 


(. 


Problem 2-26b. Calculation 'of Maximum Missile Range . 


Figure 2-83b shows the maximum range to 
which missiles might be expected from a 1 kt ex- 
plosion as a function of depth of burial in two 
soil types. 
Scaling. For yields other than 1 kt, the maxi- 


mum missile range and depth of burst scale as 
follows: 


where R m I is the maximum missile range for 1 
kt, nOB I is the depth of bur:st for 1 kt, and Rm 
and DOb are the corresponding range and burial 
depth for W kt. 
Example: 
Gil'en.· A hypothetical 3 kt explosion at a 


depth of 85 meters in hard rock. 


Find' The maximum missile range for the 
explosion 


Solution: The corresponding depth of burst 


for a 1 kt explosion is 
. 


DOB = DOB = ..!L = 6 J meters. 
J 
W0.3 
(3)0.3 


From Figure 2-83b. the maximum missile range 
for a 1 kt explosion at a depth of 61 meters in 
.hard rock is 440 meters. 


Answer:. The corresponding maximum missile 
range for a 3 kt explosion at a depth of 85 
meters in hard rock is 


Rm = Rml WO.3 = (440)(3)0.3 =612 meters. 


Reliability: Based on empirical results from 
several nuclear explosions, but no specific relia- 
bility has been estimated. 


Related 
Material: 
See 
paragraphs 
2-46 


through 2-52. 
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Figure 2-83b. Maximum Minile Range as a Function of Depth of Burial for a 


, kt Explosion 
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CHARGE STEMMING 


The tenn' charge stemming refers to the 


backfilling of material in the charge-emplacement 
hole. Ideally, charges should be completely 
stemmed and tamped to contain the explosive 
energy temporarily, which increaSes its coupling 
with the medium. Typical stemming materials 
are concrete, gravel, sand and water. The crater- 
ir:g curves shown in preceding paragraphs pro- 
vide predictions for fully stemmed charges. 
There are, however, operational considerations 
that may require reduced stemming or the capa- 
bility to emplace or remove the stemming ma- 
terial in a short period of time. Therefore, modi- 
fied stemming geometries, inr:l!1ding v' .. lious 
degrees of stemming or no stemming at all, are 
important considerations in the evaluation of 
nuclear crate ring phenomena. 


. The following changes in cratering phenom- 


ena generally may be expected when less than 
full stemming is used: 


• 
Air blast and the fraction of radioactive 
materials that vents will be increased. 
, 


• 
Energy loss out of the emplacement hole 
will reduce the coupling effectiveness of 
the explosion. This will result in crater 
dimensions that are smaUer than those 
from fully stemmed explosions. 


• 
f:.nergy deposited in the emplacement 
hole will cause a modification to the 
energy deposition pattern in the medium. 
The source will appear to be a distorted 
cylindrical source rather than' a concen- 
trated spherical source. Lip height, ejecta 
distribution, and maximum missile range 
will v~ from those of a fully stemmed 
explosion. 


2-54 Guidelines 
for 
Assessing 
the 
Effect 
of Stemming 


The 
crater dimensions from a partially 
stemmed or an unstemmed emplacement hole 


will be affected primarily by the amount of 
stemming, the diameter of the emplacement 
hole, and~the depth of burial. The foUowing are 


some general conclusions concerning stemming 
that are based largely on HE experiments. 


• 
The crater radius, which is the dimension 
of greatest military importance, does not 
increase significantly with increased stem- 
ming. 


• 
Stemming about one-half of the emplace- 
ment hole (50% stemming) provides most 
of the crater depth that would be ex- 
pected from a fuUy stemmed charge. 


• 
Water appears to be a 'very efficient 
stemming material. 


Figures 2-84a, b, and c illustrate the HE experi- 
mental results concerning the effect of stem- 
ming on crater volume, diameter, and depth, 
respectively. 


. EFFECTS OF GEOLOGICAL FACTORS 


In most situations a weapon will not be burst 
in a homogeneous medium such as dry soil or wet 
soft rock. Instead, typical geologies may contain 
a water table at a shallow depth, a layering of 
one type of media over another (e.g., soil over 
rock), parallel planes of distant jointing in rock, 
or a steeply sloping ground surface. All of these 
factors can influence the formation of a crater 
and, in some cases, can change the size or 
characteristics of the crater significantly. The 
foUowing paragraphs describe the general effects 
of geologic variations on crateting phenomena. 


2-55 Sloping Topography 


Terrain slopes of about five degrees or more 
will affect the geometry of a crater formed by 
either a surface or buried explosion. The ejecta 
distribution will also be affected. If the slope is 
gentle, the crater volume will be comparable 
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Figure 2-84a. 
Increase in HE Cranlr Volume IS. Function of Stemming for 
Various DOBs 
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Figure 2-84b. 
Increase in HE Crater Diameter IS a function of Stemming for 
Various DOSs 
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Figure 2-84c. 
Increase in HE Crater Depth 15 a Function of Stemming for 
Various DOBs 


( 


with that of craters on, level ground, but the re- 
sUlting crater will be asymmetrical; it will be 
"wider up-slope and will have a larger lip down- 
slope, Figures 2-85a and b show· a photograph 
and a sche.matic drawing, respe'ctively, of the 
crater from a nuclear event buried 30 meters 
below a 30.degree slope in tuff. The shape of the 
crater fonned by this explosion was influenced 
by the slope of the surface because almost' all 


, the debns fonned a rock slide originating at .the 


lower "dge of the crater and terminating about 
240 meters down the slope. 


Limited 
small-scale ,. cratering' experiments 
have been conducted in moist, sandy soil and in 


de~ert alluvium on slopes ranging from 40 de- 
grees to vertical wedges. For charges buried, on 
severe but nonvertical slopes, with DOB mea- 
sured normal to the sloping surface and with the 
verticai depth of overburden being greater thari. 
. containment depth, crater dimensions decrease" 
with increasing slope. Optimum vertical DOB 
appears larger by about one-third than optimum 
DOB on level terraln. 


2-56 Water Tables 


'A subsurface .. ground water table in a soil 
medium will begin to influence the size and 
shape of the crater when its depth below the 
surface' is equal to or less than three-fourths the 


;.:~:::.::~cc apparent crater depth. Its effect is to 
flatten and widen the crater. Figure 2-86a illus- 
trates the effect of a shallow water table on the 
shape of the crater. fu the water 'table depth 
decreases, its effect becomes more evident. 
Based upon HE experiments, it can be con- 
cluded that for a sunace detonation, the in- 
fluence of the water table is not significant for 
scaled water table depths greater, than about 
3.5 m/kt l /3 , and the apparent radius, volume 
and lip height increase exponentially as the 
water table approaches the ground surface, For 
shallow buried bursts (DOB/WI/) < 3 m/ktl/3) 


the fmal crater radius may be. as much as 50 per- 
cent greater than the predicted value and the 
depth as little as one-third that of the predicted 
value .. 


Figure 2-86b shows .a normalization tech- 
nique . that has been developed for plotting 
crater volume for surface and shal.low buried~ 
explosions in a layered geology. A shallow 
water table effectively causes a homogeneous 
medium to act as a two layered medium 


, d. = depth to water .table (thickness of upper 
layer) 


Va=.apparent crater volume 


Yu = apparent crater volume predicted in the 


upper layer alone (usually dry soil) 


VL = apparent ,crater volume predicted in the 


lower layer 'alone (usually wet soii) . 


The curve fitted to the water table crater volume 
data in· Figure 2-86b is given by the expression 


V. -VL 
' 
V. 
v. = l-exp(-S.4d/V.1!3). 


u - 
L 
. 


iteration is required to solve this expression for 
V.; however, the technique converges very 
rapidly: It is recommended that' the curve in 
Figure 2-86b be used to predict crater volume 
for sites having a shallow water table. 


2-57. Bedrock 


The influence of a bedrock layer below a soil 
. medium is similar to that of a water table, 
though somewhat less pronounced. For surface 
explosions it appears that a hard layer may limit 
the crater depth wHile causing the crater shape 


to be more nearly trapezoidal than parabolic or 
conical (see Figure 2-86c). The bedrock layer 
may increase the crater radius slightly (5 to J 0 
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Figure 2-851. 
NEPTUNE CraUr and its PCllition on Slope of MISI 
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Figure 2-888. 
Crater Formed by • Surface Detonation of a 0.5 kt High explosive Charge In a Wet Soli 
Medium with. Shallow Water Table (DIAL PACK Eventl; a 8.2 m (27 ft.) Diameter Sphere 
with the Bottom Tangent to the Ground: 
R.'" 30.48 m Cl00 'tJ; Da" 4.6 m (15 ft.l 
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figure 2-86b. 
Ctatering Data for orv Soil over Wet Soil 
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percent).'The layer may decrease the fmal crater 
depth bYI as much as one-third when the over- 
burden layer is as shallow as one-fourth the pre- 
dicted apparent crater depth. 


i 


Although the effect of a water table and the 
effect of a hard layer are different, the water 
table curve is a good approximation for predict- 
ing the crater voI~me in a layered geology in- 
volving a gradual transition· to rock. The water 
table curve should not be used for geologies 
involving a sharp transItion to rock. 


The two-layer problem can be generalized to 
three (ayers. Let V1, V2• and V3 be the crater vol- 
ume associated with, the top, ,niddle, ad bottom 
materials considered separately. Then, V13 i& the 
crater volum~ associated with the middle layer 
and bottom, layer, and V is the crater volume in 
the total layered medium. 


V23 is calculated by neglecting the top layer 


and then solving a two-layer problem with V2 as 
the upper layer and V3 as the lower layer. The 
thickness of the middle, layer d 2 is used as the 
depth t~ the lower layer. This gives 
. 


. 


V:n -V3 
, 
:::: 1 - exp (-5.4 d2/f231/3) 
"2 - V3 


" 
; ... t ........ C'alculated by solving another two- 


layer problem with VI as til~ upper layer and V23 
as the i,ower layer. The thickness of the upper 
layer d 1 is used as the depth of the lower layer. 
This gives 


2·58 Rock Beddina/Jointing 
If a low·yield explosion occurs at or very near 
the sUrlace, the bedding or joh,ting planes in 
Mck ~a!1 influence the shape of the crater pro- 
duced. The direction of the ejection process 
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will also be affected. The formation of the crater 
will tend to follow the direction of the pre- 
dominant joints, and the crater radius will be 
increased by as much IS one-1h.ird in the direc- 
tion parallel to the joints and decreased by as 
much as one-third in the direction normal to the 
joints. The magnitude of the crater depth is 
usually not affected significantly. but the deep- 
est point may be shifted to one side of the 
crater. As the yield or the DOB is increased, the 
influence of rock jointing is reduced. 
The dip of bedding planes will influence 


energy propagation, and this will cause the maxi- 
mum crater depth to be offset in the down-dip 
direction. Little overall effect is noted on the 
size of the crater radius, but differences in ejec- 
tion angles cause the maximum lip height and 
ejecta radius to occur down-dip. . 


2·59 Snow and .Ice 


Measured craters in snow or ice are a rarity; 
however, data for a few craters have been reo 
corded for surface HE explosions. In general, 
these craters are larger than would be pre- 
dicted in soil and they are characteristically wide 
and flat. The trends in crater size and shape for 
a surface explosion in a snow lice medium are 
given by the expressions 


R. = 38.8 W 0.26 meters 


D. = 5.75 WO.1S meters 


where W is the yield in kilotons: 


MULTIPLE BURST GEOMETRIES 


Nuclear weapons may be detonated in close 
proximity to each other to create a linear crater 
or a series of interconnected craters. When 
simultaneous explosions are sufficiently close to 
cause interactions, the shot pometry is termed 
"multiple burst." A linear array of this nature is 
referred to as a lOW crater, as illustrated in 
Figure 2-87. 
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Figure 2-86c. 
EHect5 of • Hard Near·Surf~ Layer on Crmring 
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Figure 2·87. 
A Row Crater Produced by Simultaneous 
E)(r'osions of F:ve 1.1 kt Nuclear Devices 
at Optimum DOB (BUGGY Event) in 
Basalt: DOB = 41 m (135 ft.); Spacing = 
45.7 m 1150 ft.); Width = 76.2 m 
(250 ft.); Depth = 19.8 m (65 ft.); 
Length = 262 m (860 ft.) 


In addition to the parameterS normally asso- 
ciated with an underground explosion, the re- 
sults of a row charge also depend upon the, 
spacing between charges (s) and the degree of 
simultaneity of the explosions. Differences of 
only a few milliseconds in the times of explosion 
of adjacent charges can result in significantly de- 


!>1',,";c:;U ruw charge crater dimensions. Close spac- 
ing of weapons (less than 1.4 times a single 
weapon crater radius) increases both the crater 
radius and depth compared to single weapon, cra- 
ters at the same scaled DOB. Experience has 
shown :that a spacing of 1.0 Ra (for explosions 
at optimum DOB) results in a smooth channel 
with cr~ter depth and radius approximately 20 
percent greater than those of single explosions. 
A spac~g of l.25 Ra will still ronn a smooth 
channel, but with less enhancement of crater di- 
mensions, while spacing of 1.5 R. will provide 
an adequate linear obstacle. The length of a row 
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crater L can be found in the equation: 


L=s{n-1)+2R., 


where n is the number of charges in the row. and 
s is the spacing between charges. 


SECTION III 
II GROUND SHOCK PHENOMENA II 


2·60 
General Nature of Free-Field 
Effects II 


• 
The position of the weapon' at the time 
of detonai'i'Jn has 1) marked innuence on the 
amount and nature of the energy transfer into 
the ground. The effects at depths below the sur- 
face from a high air burst will be primarily of 
the air-induced type. For surface or near surface 
bursts, both air-induced and direct-transmitted 
ground sho~k effects are produced, and both 
may be of importance. Deep underground bursts 
cause direct-transmitted effects almost ex- 
clusively. 


• 
The nuclear field tests of the past several 


decades involving air, surface, and fully contain- 
ed bursts have provided the data that permit 
development of the expressions for predicting 
the peak values of air-induced and direct 
-transmitted acceleration, velocity, and displace- 
ment. Field observations (or regions where the 
air blast overpressures are less than 1,000 psi 
generally indicate that, within about 50 to 100 
feet of the surface. ground motions are predomi- 
nantly air-induced. The relatively few measure- 
ments of acceleration and displacement that 
have been made at significant distances below 
the ground surface show the effects of attenua- 
tion and dispersion as the air-induced pulse 
travels through the ground. 
II 
A typical acceleration·time record from 
a gage mounted near the surface of the ground 


• 


Reproduced from 
besl available COpy. 
'--- 


-. 
. 
\ 
\.....1 


• 
exhihits a systematic pulse shape corresponding 
to the passage of the shock wave, with a random 
type disturbance often superimposed on this 
systematic pulse. In the superseismic case. when 
the air blast propagation velocity is greater than 
the ground seismic velocity • the downward ac- 
celeration is large compared with the following 
upward acceleration. The velocity-time record is 
similar in shape to the overpressure-time pulse, 
at least in the early stages. In cases in which the 
grourid motion outruns the air blast, there is a 
slower rise in the acceleration; it may even be 
reversed In direction inItially, Le., upward rather 
than downward. In such cases, the signals may 
last for a longer time than the positive phase 
overpressure duration. The ... ssociated velocity 
wave form usually exhibits a velocity jump as 
the air-shock wave passes over the position. but 
the overall record is characterized by a consider- 
able degree of oscillation. When precursors are 
present, the acceleration and velocity records 
may exhibit higher frequency components and 
more random type of oscillation. Wave front dia- 
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Compression 
Wove 


(A) Superseismit B los1 Wove 


grams for the superseismic and outrunning cases 
are shown in Figure 2-88. 


• 
Most values of velocity have been ob- 


ta= by 'integrating acceleration records. In 
general, velocities appear to be more predictable 
quantities than accelerations or displacements. 
Displacement data are even scarcer than velocity 
data, and only a few direct measurements have 
been made. For the most part, displacement 
. data consist of integrated acceleration records or 
extrapolation of displacement spectra to zero 
frelency. 
' 
. 
Knowledge of direct-transmitted ground 
shoc 
effects is limited. Those data that exist 
were o1:>tained from buried high explosive shots, 
from several surface and near surface nuclear' 
detonations, and from a number of fully con- 
tained bursts. For a completely buried shot, 
measurements indicate that at any particular 
range R. the strain or velocity, pulse rises in a 
parabolic manner to a peak value in a time 
roughly corresponding to Tr = RI6cp to R/12cp ' 
where R is the range from the explosion, and cp 


(8) OutruMing Ground Woy. 


Figure 2-88. II Wave Front Diagram for Su=ismic Air 
Blast and Outrunning Ground Wave _ 


It 
is the effective seismic velocity of the medium. 
The signal then drops slowly with a total posi- 
tive phase duration corresponding approximate- 
ly to To = RI2cp to Rlcp ' The effects of layer- 
ing. reflection', and refraction, tend to introduce 
high frequency ,and random components of mo- 
tion. 


2-61 
Types of Effects II 
-. It is convertient to' consider the earth 


shock resulting from a nuclear explosion as pro- 
dUCing both' systematic and random effects. 
Systematic effects can be divided further into· 
two major tYJ>es: 
• 
Air-induced shock associated with the 
passage of an air shock wave -over the sur- 
face of the ground, and the overpressure at 
the surface above the structure transmitted 
downward with such attenuation and dis- 
persion as may be consistent with the 
physical' conditions at the site. 


• 
Direct-transmitted ground shock that arises 
from duect energy transfer from surface, 
near surface, or underground bursts. 
III Random effects include high frequency 
ground-transmitted shock, surface-wave effects, 
reflections, refractions, etc. The dominant effect 
depends on such factors as weapon yield, point 
of detonation with respect to the ground sur- 
lace, range from ground zero, depth of the mea- 
surement, and, in particular, the geologic 
conditions. 
i 


" 
Reasonable estimates can be made of the 
maXlmum values of displacement, velocity, and 
acceleration associated with the air-induced 
shock nnd in more restricted cases for the direct- 
transmitted ground shock under more or less 
uniform geologic conditions. 


2·62 Air·IRcluced Effects II 
.. At the surface in a homogeneous medi- 
um-rhe maximum transient elastic vertical dis- 
placement may be expressed as 


where H is the depth to which the air-induced 
shock wave extends during the effective dura- 
tion of the shock, 'i' Pao is the side-on overpres· 
sure at the surface, and E is the restrained mod- 
ulus. The dUration of the shock may be approxi- 
mated by 


for 


2 <; Pto <; ,10',000 psi. 


Thus, 


The restrained modulus is related to the effec- 
tive seismic velocity, the mass density, and 
Young's modulus of elasticity of the medium as 
follows: 


E = cl = (!.) l 
I - v 
) 
P 
l' 
P \<1 + 1')(1 - 
211) , 


where E is the Young's modulus of elasticity 
(psi), p is the mass density of the medium (p = 
"'Ilg lb sec2/ft4 • where "'I is the urtit weight of the 
medium in pounds per cubic foot and g is the 
gravitational acceleration constant), and II is 
Poisson's ratio. For values of II of 0.2S or less, 
the relation may be approximated by: 


E = pc; -- E. 


If the unit weight of the IOU is about 11 S lb/ft' • 


II. 
fE-' 
an apprOXImate value 0 
IS 


E = 25,000 (;,~~oy, psi.'" 


Substituting the vaiues for H and.E gives 


II The permanent vertical, displacement i.s 
not so easily estimated: at present the best estI- 
mates can be made by considering the static 
stress-strain properties of the soil. In the absence 
of better information. it is suggested that the 
permanent displacement at the surface be taken 
to be the following for overpressures greater 
than 40 psi: 


_ Pso - 40 (1 .. 000)2 . 


dsp - 
.30 
cInches, 
p 


where cp is the seismic velocity of the material 
near the sur/ace. 


• 
From wave propagation theory it may 
be Te'ri,onstrated that the folloWIng relatlOnshlp 
exists for particle velocities in terms of the di- 


. mensional units defined above. 


where e is the strain. Upon substitution this 
gives the ,maxfrnum v.elocity 


( PSD) (1,000). / 
vs = 50 
100 c;- 
In. sec. 


II 
For a rise time of velocity of about 


0.002 seconds, and considering a parabolic rise 


with a 20 perceht,increase for nonlinearity, the 
maximum acceleration at the surface. computed 
as a rate of change of velocity. may be expressed 
by 


( PI/)) (1.000) 
. , as ~ 1 SO 
100 ~. 
g. 


II 
Since the surface acceleration is not re- 


lated solely to the maximum velocity, but is par- 
tially dependent on the weapon yield and other 
factors,. it is recommended that a value of cp no 
greater than 2,000 fps be used in this expression. 
re,.rdless of the actual surface seismic velocity. 
Horizontal effects data are lacking for 
the urface. At'prtisen~, it is recommended that 
the maximum horizontal deflection be taken as 
one-third the vertical, the maximum horizontal 
velocity as two-thirds the vertical, and the maxi- 
mum horizontal acceleration as eq,ual to the ver- 
tical. 
. 


_ 
The same type of reasoning can be fol- 
Io=' in arriving at maximum values of accelera- . 
tion, velocity, and displacement at depths below 
the surface. The difference in deflection be- 
tween the surface and some point at a depth y 
beneath the surface cannot exceed the surface 
. stress divided by the lower restrained modulus 
of deformation, E. in the interval y, and multi- 
plied by the depth y. Thus between the surface 
and a depth y, not greater than 100 ft, assuming 
no attenuation of pressure with depth, an upper 
limit of the elastic component of differential dis- 
placement is given by 


Pso 
ds - d'l ~ E y. 


11 The actual difference in denection i 
more likely to be one-half this value, and may bt; 


If the unit weight of the medium differs sipiticanll'l from 
Ib/Ct3, a n:pn:.ntati1le value of E should be used rather than 
the approximation liven hen:. 


2-...... 
ZP' 


II 


. considered to vary linearly to a depth of 100 ft, 


which results in the foUowing expression 


I 


where y. = y for depths of 0 to 100ft, and y. = 
100 ft· for depths greater than 100ft. 
II It is ~ot generally considered desirable 
to assume any attenuation of displacement, ex· 
cept for very soft soils. Sihce total impulse must 
be preserved, the wavelength .of the strain pulse 
probably: increases with depth, and, therefore, it 
does not seem ,reasonable that there shOUld be a 
reduction in elastic component of displacement 
consistent with the reduction in peak stress, as 


-"liven by the attenuation relationships for stress 
orldty with depth. 
It is recommended that the pennanent 


disp aeement of soils at depths below the surface 
be dete~ed by multiplying ,the penn anent 
displacement at the surface by (l00 . y·)/100 j 
i.e., 


-~ro.~ 40./!.OOO'f(JOO - Y·)illches 
30 
\ Cp))oo 
. 


Thus, pennanent displacements below· 100 feet 
would be taken to be zero. At depths less than 
100 feet, the total displacement should be taken 
as the sum of the elastic displacement at the 
surface, die' shown previously. and the penna· 
nent displacement, d p' given above. 
• 
The value or maximum stress below the 


~. 
is given approximately. for any yield or 
overpressure; by the following expression 


Py = Oi'p., 


where 


1 
cr= 
• 


I +-f 


and. for depths that are not near the surface 


• 
Note: The attenuation factor, cr, that is 


use"-in this section is different than the corre· 
sponding attenuation factor 1/(3 that is used in 
Section II. UDamage to BeJowground Struc- 
tures," of Chapter II, "Damage to Structures." 
The. attenuation factor given in Figure 11-29, 
Section II of Chapter 11 is the result of more 


recent studies. It reflects the influence of soil 
type (as represented by its seismic velocity) on 
peak pressure or soil particle velocity attenua- 
tion. The disparity between the two factors in- 
creases as the peak overPressure and/or the soil 
seismic velocity increase, but the disparity is reI· 
atively insensitive to variations in weapon yield. 
As a result of the influence of seismic velocity. 
the difference between the two factors also in- 
creases as the depth below ground surface in- 
creases. The factor given in Figure 11·29 gives 
substantially smaller attenuation rates under 
high overpressures and high seismic velocities 
than does the factor used in this section. Conse- 
quently, from the "vulnerability analysis" point 
of view, the factor of Figure J 1·29 is more con- 
servative. and its use in shock analysis studies is 
senerally recommended. The attenuation factor 
obtained from Figure 11-29 may be introduced 
into the equations of this section by simply re- 
placinS "cr" of this section with ul/P" where 
"I)" is obtained from Figure 11-29. AJ ~ention­ 
ed previously, it is recommended that this re- 
placement be made, in aeneral; however, there is 


- 
one important exception. The factor 1/13 is not 
compatible with the shortcut vulnerability 
curves shown .in Figures 11-48 thrcugh 11-50, 
and calculations of similar curves that are com- 
patible with the 1/f3 attenuation factor have not 
been perfonned at this time. It is for this reason 
that the ex attenuation factor is introduced here, 
and its use will be illustrated -in Problem 2-27. 
The use of the I f 13 attenuation factor is illus- 
trated in Problems 11-3 and 1 1-4 . 


• 
At depths below the surface, it is.recom- 
me!fed that velocities be attenuated in about 
the same manner as the maximum stress. Thus, 
the vertical velocity at any depth y is given by 


Vy = avs' 


_ 
The peak d~wnward ac~eleration atten:u- 


ates sharply with depth. especially near the sur- 
face. The sharp attenuation is caused primarily 
by the increase of rise time in the stress or veloc- 
ity with depth. 
e The time of rise of the maximum veloc- 


ity from an initial zero value can be taken as 
one-half the transit time of the shock wave from 
_ the surface to dep_th considered. For a parabolic 
rise in velocity the acceleration can be consider- 
ed to be twice the value for a linear rise, which 
. leads to the expression 


where 'r is the effective velocity pulse rise time. ' 
This expression gives values which appear to 
agree wen with test data for depths greater than 
lOt. 
' 
In the absence of better information at 
dep s below the surface, it is recommended 
that the ratios of horiz9ntal to vertical effects be 
taken equal to those previously specified for the 
sUrface, i.e., horizontal deflection is one·third 


the vertical, the maximum horizontal velocity is 
two-thirds the vertical. and the maximum hori- 
zontal acceleration is equal to the vertical. 


_ 
Layered media pose a complicated situ a- 
tio~ut with care and judgment, reasonable 
estimates ofaeceleration, velocity, and displace- 
ment can be made. A convenient method is to 
use the stepwise passage of a stress wave down- 
ward through the medium. In general, the basic 
concepts governing the computation of displace- 
ment, velocity, and acceleration are the same as 
those described for a uniform medium. The dis- 
placements at any particular time may be corn· 
puted by dividing the average pressure in an in- 
terval by the modulus of elasticity to obtain the 
strain and then multiplying by the length of the 
interval to obtain the displacement; the total dis- 
placement occurring over the length of the pulse 
is ~iJm of the incremental displacements. 
. 
• 
Complications arise at the interface of 
two media because of stress transmission and 
reflection. For soil and rock, the interface may 
not be sharply defmed and the reflected and 
transmitted stresses probably do not follow the 
laws governing purely elastic media. If it is 
known that the interface is fairly sharp, an esti- 
mate of the reflected and transmitted stresses 
can be made from the following relationships; 


P - 
2 
p 
t - 
1.+ Vi 
i 


where ¥I is 'the ratio of the impedances of. the 
two media. The stresses at the interface must be 
taken as equal, and, from considerations of con- 
tinuity, the displacements also are equal. 


. 2-63 Outrunning Ground Motion II 
til Outrunning ground motion occurs when 
the air-shock velocity U decays. below the seis- 


II 


'. 
I 
;j 
'I 
i I 


~ 


II 


II 


mic wave velocity c of the medium.In the most 
general s~nse, outrunning ground motions and 
direct-transmitted ground shock are different 
phenomena. Direct-transmitted ground shock is' 
ground motion propagated thi"ough the ground 
media from the region of the crater (this is often 
denoted outrunning when it clearly arrives, as 
reflected or' refracted waves from deep-seated 


'~Vf"r<;. 
~he::ld of the blast front). Outrunning 


gr'ound' motion occurs when the air-induced 
, ground motion begins to propagate more rapidly 
than the air blast shock, front, as illustrated in 
Figure 2-88. In actual fact, the motion-time his- 
tory at a pointin the medium 'can be quite com- 
plicate:', even random in nature, when air- 
induced, outrunning, and direct-transmitted ef- 
feiliilI arrive at about the same time. 
' 
,. 
--_. _ 
Some infonnation on outrunning' m~ 


tions observed in field tests can be found m 
"Nuclear Geoplosics" (see bibliography). Com- 
puter codes that are presently being developed 
should provide guides to even better estimates or 
outrunning motions. 


2-64 
Direct-Transmitted Ground Shock tI 


_ 
The energy transmitted directly to the 
earth from a surface or near-surface burst can be 
propagated effectively through competent ma- 
terial for long distances. Experimental data that 


~ ...... umu .. i.~ Hus are available from buried high 
explosive shots and from surface and contained 
nuclear weapon tests. 


_ 
For a completely buried shot, the fITSt, 
po=' of the strain o'r velocity record at a dis- 
tance R from the point of burst has the form 
described in paragraph 2-60, i.e., 


and 
R 
. R 


T' =--to-. 
o 
2cp 
cp 


_ 
Without seri~us error, th~ relation. be- 
twPoP" oealntrain e and peak part1cle veloCIty v 
is give~ by the equation previously shown in 


2-'?8i. 
%/1:1 


paragraph 2-62, i.e., 


Assuming that the steepest part of the velocity- 
time curve has a slope that is twice the average 
slope during the rise phase leads to the following 
'relationship between the range of peak accelera- 
tion, peak velocity, and strain, all in the radial 
direction. 


. _ 
An estimate of the maximum displ.ace- 


ment d~n the radial direction may b~ .obtamed 
by integrating the ·area under the poslhve phase 
of the velocity curve. If the velocity waveform is 
parabolic, then 


, 2 
I 
2 
dr =T-vrTo =:::TRe tOTRe. 


_ 
If data for strain, acceleration, or dis- 


placement are available, approximate relations 
for,the other quantities may be obtained. In gen- 
eral, the seismic velocity enters into the relation- 
shil' 
s as indicated in equations shown above. 
Most of the available test data from 
whic 
direct-transmitted shock effects may be 
estimated were obtained from buried nuclear 
and high explosive detonations. To extrapolate 
from the test data toestirnate shock effects pro- 
duced by surface nuclear detonations requires 
establishment of the equivalence factor relating 
buried HE to buried nuclear yield, and also 
establishment of the equivalence of fully buried 
detonations to surface detonations of the same 
ty;(f explosive. 


A yield effectiveness factor of 0.2 to O.S 


has 
n used to· relate fully contained nuclear 


o 


II 


explosions to fully contained HE explosions. To 
relate a surface nuclear burst to a fully contain- 
ed nuclear burst, factors of 0.02 for a burst 
slightly above the surface to 0.05 for a burst 
slightly below the surface are recommended. Sig- 
n i fj can t uncertain ties exist regarding these 
equivalence factors. 
11 Expressions for acceleration, velocity, 
and displacement have been derived on the basis 
of test data available for accelerations from shot 
RAINIER in Operation HARDTACK in volcanic 
tuff with a seisrriic velocity of 6,000 fps. For 
scaled ranges of :::.500 ft/Mt l / 3 and closer, and 
an equivalence factor of 0.05 as just discussed, 
"the acceleration may be' expressed as follows: 


a = 04 (h!{Mn\5/6 (1.000)3.5 (~V g 
r 
. 
\ \) 
R 
1 ,000 J' . 


_ 
Using the relations between acceleration, 
velocity, and displacement". and choosing the 
equations with coefficients of 12 and 1/3, re- 
spectively, this eqhation for acceleration may be 
used to arrive at the following equations for 
radial velocity and displac;ement for materials 
with seismic velocities less than 10,000 feet per 
second: 


_ 1"1 I'W(M )~/6 (I ,000)2.5 ( 
C P ). 
, 
vr - 
.. \; 
tl -r " 1,000 m./sec 


dr = 4 (W(Mt~SI6 (1"~0).5 inches. 
tit There is tittle or no information on tan- 
gential motions, and until additional informa- 
tion becomes available, it is recommended that 
maximum values of tangential acceleration, ve- 
locity, and displacement be taken as 1, 2/3, and 
1/3 times the corresponding radial values. 


. III 
t is desirable to consider the direct- 


transmitted effects as being applicable only at 
some distance below grol.!nd surface, except pos- 
sibly at close in ranges. At scaled distances great- 
er than 2.500 ft/Mt 113 , the limited available 
data suggest a decrease in the rate of decay of 
motion with distance. Approximate expressions 
for radial acceleration. velocity, and displace- 
ment for materials with an ,average. seismic veloc- 
ity less than 10,000 fps are as foUows: 


_ 
0.25 
1,000 . 
p 


~ 


, 
( 
' 
) 75 ( C )2 
. Or - 0.081 
W(Mt) 
-R- 
1,000' g. 


Vr =: 4.8 (W(Mt~O.5 C 
,~O)U ~ I ,;~o) in./sec 


dr = 3.19 (W(Ml))O.75 ( } ,~Of2S inches. 


These expressions give only very approximate 
values. GeolOgic conditions can produce large 
and random variations in the motions at large 
distances. For materials with seismic velocities 
greater than 10,000 fps, e.g., granite rock ma- 
terials, the field test data suggest the following 
relationships as being applicable at scaled ranges 
of about 2,700 ft/Mt1/ 3 and closer. 


Or = 


vr = 


180 (W(Mt~ 5/6 (I ,~Orl2 


(t6S)S/6 ( cp r3 , 
'Y 
18,000 
g, 


30 (W(Mt»)SI6 (1 '0:)5/2 


- 
• ftlsee, 
t 
65 Y" 
(18,000 r'3 
'Y 
. cp 


2-..... 
%11 


(U) 


dr = 12 (W(Mt))5/6 (1,~Ot2 


~ 


165)S'6 (18.000')5/3 
• 
' 
-- 
, 
• mches. 
,1 
cp 
111 As would be expected from the, different 


scaling relationShips, ~he expression fOT materials 
v'ith ~~i"m;C' ve'locities less than 10,000 feet per 
second and those for materials with seismic ve- 
locities greater than 10,000 feet per second 
show lack of agreement at a seismic velocity of 
10,000 feet per second, which divides the areas 
of applicability. This matter is currently receiv- 


t~g further attention, but in the inter.J.l it is 
believed that the expressions provide the best 
es.· tes or'such motions. 


'. 
No expressions exist for motions at large 
distances in hard materials that are c5)mparable 
to the expressions presented above for soft ma- 
terials, It was necessary to make approximate 
estimates to develop the relationships presented 
in Section IlI, Chapter 11. 


2-65 
Spectrum Concepts - 
Simple Systems _ 


• 
Wh~n structural systems or eqUipment 
are subject to a base disturbance, such as that 
arising from the ground motion associated with 
a nuclear explosion, ihe response of the system 
is governed by the distribution and magnitudes 
of the masses and resistance elements. A knowl- 
edge of the response of systems subjected to 
such loadings is extremely important from the 
standpoint 'of design in order to proportion the 
structure so that it will not undergo complete 
collapse, and to protect the structure, equip- 
ment, and personnel from shock damage. One of 
the simplest interpretations of ground motion 
data involves the concept of the response spec- 
trum, which is a plot of the maximum response 
of a simple linear oscillator subjected to a given 
input motion as a' function of frequency. 


2-"'t84 
2/2.. 


11 The time history of the actual motions 
of .the earth caused by the passage of a shock 
wave over the surfaCe is complex and is subj.!ct 
to considerable uncertainty. However. the prin- 
cipal effects on equipment and structural com- 
ponents can be described by use of the concept 
ofJliashock-response spectrum. 


_ 
Consider a piece of equipment or an in- 


ternal element of a structure supported at a 
point on an underground structure that is suh- 
jected to motion from blaSt. The equipment or 
element can be represented as a simple oscil- 
lator, consisting.or a mass m attached by a linear , 
spring of spring constant k to the base as shown 
in Figure 2-89(a). The natural frequency f of the 
oscillator is 


f =, W/2ff = _l_J k . 
2ff 
m 
11 For a given transient ground motion x, 


the mass m will be set into motion. If the mo- 
tion of the mass m is designated by the coordi- 
nate y and the motion of the base by the coordi- 
nate x, the defomation in the.spring u is (y-x) 
and is positive when y exceeds x. For such a 
system the most useful spectra are found to be 
the following: the maximum relative displace- 
ment u of the system; the maximum relative ve- 
locity u; the maximum pseudo relative velocity 
or the quantity wu, the circular frequency w 
'times the displacement It, which is not quite the 
same as u and differs considerably from u at low 
frequencies; and the absolute acceleration of the 
mass, w2 U, which is nearly the same as y. A plot 
of the maximum values (denoted D, V, Y, and Ag, 
respectively) as a function of the frequency of 
the system fot a given type of input constitutes 
a response spectrum for the particuJar function. 
These quantities are defmed as foUows: 


Ag' = I ",2 DI = (2ff1)2 D 


V = I wDl • 2~, 


o 
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Figure 2-89. II Single-Degree-of-Freedom System 
and Typical Response Spectra II 


2~· 
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The maximum energy absorbed in the spring is 
associated with V. The quantity V is not particu- 
larJ.iiisefuI. 
• 
For inputs of the' type associated with 


air-mduced or direct-transmitted ground shock, 
the spectra for a simple system will have the 
characteristic appearances shown in Figure 
2-89(b). The limiting conditions that apply to 
the spectra illustrated in Figure 2-89(b) are of 
particular interest. For example, as the fre- 
quency of the system approaches zero, the mass 
m does not move when the base of the system 
has a given :motion applied. Then the relative 
displacement u is equal to the negative value of 
x, and the relative velocity Ii is equal to minus 
the maximum base velocity x, The dotted line irI 
Figure 2-89(b) indicates the difference between 
urn a x and V that may be observed in the region 


"of low frequencies; likewise, there is some differ- 
ence between urn ax and V at the high frequency 
end, but these differences are of a smaller order 
of magnitude. Typical values of V that might be 
expected for blast conditions are shown in Fig- 
ure 2-89(b). An additional control is that as the 
frequency of the system becomes large, the dis- 
placement y approaches the displacement x, i.e., 
u approaches zero, and the ac~leration Y max 
approaches xrn ax' These controls are of st:'ecial 
i~ance in arriving at design shock spectra. 


_ 
Ordinarily, t~e input for ground motion 


consists 01 two parts, a systematic portion on 
which is superimposed a series of random oscilJa- 
tions. The magnitude of the peaks of the ran- 
dom components may be either small or large 
compared to the systematic portion. The ran- 
dom part may exist over the entire range of the 
systematic portion, over only part of the range, 
or even may be prior to the systematic portion. 


_ 
For a random series of pulses, the rela- 


tive velocity peak of the spectrum compared 
with the maximum input velocity can be high, 
but it is not likely to be much higher than about 
3, .. nltSJ an almost resonant condition is obtain- 


2-..... 
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ed with several pulses of alternate positive and 
negative signs of exactly the same shape and du- 
ration. Stich a resonant condition for velocity is 
extremely unlikely from blast loadirig, although 
it has been observed in long duration earthquake 
phenomena. Even if, for some reason, partial res- 
onance is achieved, the dampening in the system 
beii:xcited will reduce the peaks considerably. 


_ 
In .seneral. the combined effect of the 
two input motions, systematic and random, de- 
pends on their individual effects. It can be 
shown that the combined spectrum will be 
either equal to or less than the sum of the abso- 
lute values of the spectra corresponding to the 
individual inputs. It also appears reasonable that 
the combined spectn:.rr. can be :xpected to be 
approximately equal to the square root of the 
sum of the squares of the individual spectra, 
point by point. In most practical cases of the 
type under conSideration, the frequencies for 
which the spectrum values are important differ 
by a considerable amount, and the sums of the 
spectra or the square root of the sums of the 
squares are nearly the same as the maximum in- 
dividual modal value. 


2·66 Shock Spectra fo~ Field 


Ground Motion _ 


_ 
Using the concepts discussed above, it is 


po=e to derive shock spectra that can be used 
in design to assess the relative effects in a struc- 
ture (above or below ground) or the effects on 
equipment within a structure. Such spectra can 
be described best by the use of a logarithmic 
plot that pennits values of displacement, 
pseudo-velocity. and acceleration to be read 
versus frequency in accordance with the rela- 


ti~ven by the equations in paragraph 2-65. 
W. In accordance with the limiting condi- 


tions discussed for Figure 2-89. the response 
spectrum can be represented by three regions, 
each region defmed by a stra.i&ht line constitut- 
ing an envelope to the actual spectrum. An 


II 
example of such a spectrum for air-induced 
shock ior conditions of 100 psi surface pressure, 
5 ~lt yield. and an acoustic velocity of 2,500 
ftlsec is shown in Figure 2-90 for situations at 
the surface and at a depth' of J 00 ft. The left 
hand region. at the low frequency side, is innu- 
cnced primarily by the maximum elastic trans- 
ient displacement. The intermediate part of the 
spectrum (horizontal line) is a function of the, 
maximum velocity reached in the free field. The 
right hand side depends .on the maximum accel- 
eration. In brief. the approximate response spec- 
trum "envelope':' is described by three straight 
lines (actually there are discrepancies thar may 
be as high as a factor of 2 in some areas. but the 
actual ground motions are now known even thi3 
accurately. and' the simplification of the spec- 
trum in this way is permissible). 
, 
• 
A line D == constant, parallel to the dis- 
placement scales. drawn with a magnitude 
equal to the maximum ground displace- 
menL 


• 
A line V == constant, drawn with a mag- 
nitude of 1.5 times the maximum ground 
velocity. 


• 
A line A = constant, parallel to the accel- 
eration scales, drawn with a magnitude 
equal to twice the maximum ground 
accelera tion. 
- 
Spectra may be sketched for horizontal 


an~rtical motions at various depths and em- 
ployed as appropriate. Detailed procedures for 
constructing more accurate spectra may be 
found in "Effect of Inelastic Behaviot on the 
Response of Simple Systems. to Earthquake Mo- 
tions," A. S. Veletsos and N. M. Newmark, and 
"Response Spectra Approach to Behavior of 


Shock Isolation Systems," A. S. Veletsos and N. 
M. Newmark (see bibliography). In general, the 
air-induced and direct-transmitted ground mo- 
tions, as well as the out-running ground motions, 
if applicable, are computed. The spectra of each 
are plotted. and the design is made according to 
the envelop of the spectra. If it is known that 
the motions will arrive at significantly different 
times, the design or analysis is only made for the 
worst case. 
II 
The response spectrum, such as that 


show.n in Figure 2-90, may be used directly for 
elastic systems. If the frequency of equipment 
within a structure 'and its type and mode of sup- 
port are known, it is possible to ascertain certain 
results in terms of the response of the system. 
For example, for a 
single-<legree-of~freedom 


system, the num"er of gravities of acceleration 
corresponding to the natural frequencies may be 
considered as applied to the body to ascertain 
the dynamic stresses. For more complexsys- 
terns, the analysis is more difficul t, although 
consideration of the most significant mode will 
lead to useful estimates of dynamic loadings in 
ma,ases. 


For purposes of comparison and inter- 
est, 
ee shock spectra determined from reed 


~ gages or ground motion records in atomic field 


tests are shown in Figure 2-9 J. The Operation 
HARDT ACK spectra exhibit high accelerations; 
this is likely to be the result of the high water 
table that tends to emphasize the high frequency' 
end of the spectrum. The maximum velocity is 
much higher than would be expected in a typical 
soil site. The Operation PLUMBBOB data ap- 
proximate the type of response that would be 
expected for more nonnaJ soil conditions. 
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Figure 2-91. II Typical Shock Spectra from Field Te~ts - 
Surface Data II 
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Problem 2-27_ 
Calculation of the Ground Motions from 
a Nuclear Explosion at the Surface 
II The, nature of the free field effects of 
ground motion are described in paragraphs 2-60 
through 2-66. The attenuation factor Q that is 
defined in paragraph 2-62 is used in the example 
presented below. As noted in paragraph 2-62. it 
generally is preferable to use the factor 1/(3 for 
attenuation; where (3 is described in Section II of 
Chapter 11, and more specifically in Figure 
11-29. However, 1/(3 attenuation is not compati- 
ble with the equipment vulnerability curves in 
Figures 11-48 through II-50. Therefore, the fol- 
lowing example illustrates the uSe of the attenu- 


--ation factor described in paragraph 2-62; use of 
the 1/(3 attenuation is illustrated in Problems 
IIJ-and 11-4. II 
. 
• 
Example 
Given: A I Mt weapon burst on the surface 
of a medium that has a seismic velocity of 5,000 
. 
- 
ft/sec. 
Find: The vertical and horizontal displace- , 


ment, velo.~ity,. and acceleration at a point 50 
feet below the surface and at a ground distance 
of 1,500 feet from the explosion. 
Solution: The equivalel)t distance for I kt 


d 
= 
(W(kt)) 1/3 


1,500 


(1.000)1/3 


. 
. 


= I SO feet. 


From Figure 2-17, the overpressure at the sur- 
face is about I ,000 psi. 
a. Air Induced Motions: The maximum 


elastic vertical displacement at the ground sur- 
face is given by the equation shown in paragraph 
2-62: 


C 
,., 9 (~IO \0.5 (1,000 )(W(Mt»)ll3 


Ie 
\100 J 
cp 


2-'t9Q. 
216 


. = 9 (1,000)0.5 (1.000)(1 )1/3 = 5.7 inches. 


. 
100) 
5,000 


It is reasonable to assume that impulse is pre- 
served in the stiff medium deScribed in this case. 
Therefore, the vertical elastic displacement at a 
depth of·50 feet will be the same as that at the 
surface, i.e., 5.7 inches. As described in para- 
graph 2-62, the permanent displacement at a 
depth of SO feet is 


= P 10 - 40 (1,000\2 (100 - y -) 


dyp 
30 
cp J 
100 


= (1,000 - 40) ( I .000)2 (100 - 50) 
30 
5,000 
100 


= 0.6 inches. 


Thus, from paragraph 2-62 the total vertical dis- 
placement is 


dy = drJe + dyp = 5.7 + 0.6 = 6.3 inches. 


The peak vertical velocity given in paragraph 
2-62 is: 


where 


1 
Q=-"";;""- 
y' 
+-H 


• 
and 


H ~ 230 ( ~~ r.s 
(W(Mt)) 1/3. 


This gives 


H = (230) .(~\O.s (1)1/3 = 73 
, 
1,000 J 


(\' = 
= 0.59 


1 '+ 50 


73 


v = 50 ( 1.000) ( 1,000 ) = 100 in.jsec, 
s' 
100 
5,000 


v = 
y 
(0.59)( 100) '= 59 in./sec, 


The vertical acceleration is given by the equation 
in paragraph 2·62 as: 
' 


a~, = 5 
(I~~) ~ I 
~O) Q 


= (5) C 
,]00000) c~g) (0.59) = 59 g. 


As described in paragraph 2-62, the horizontal 
values of the motions are taken to be 1/3, 2/3, 
and I times the vertical displacement, velocity 


, and acceleration, respectively, i.e., 


dx = 1/3 d 
= (1.) (6.3)= 2,1 inches 
y 
,3 ' 
.' 


vx = ; vy = (;) (59) = 39 in./sec, 


a", = a'l = 59 g. 


b. Direct Transmitted Motions: The ex· 


pressi~ns given in, paragraph 2·64 are applicable 
for dll'ect transmltted motions. The radial mo· 
tions are essentially horizontal for the distance 
and depth of this, example. Th~se are (note the 
distance is less than 2,500 ft/Mt} /3): 


=, (4) (l )516 
2.2 inches. 
( 
,] ,000)1.5 = 
1,SOO 


= 12 (1 )5/6 (1,000)2..5 (5,000), 
1,500 
'1,000 


= 22 in./see, 
, 


a 
r 
_, 0.4 (w, (Mt)) 5/6 (1,000)3.5 ( 
Cp 
)2 
R 
',1,000', 


= (0.4) (1)5(6 (1,000)3.5 (5.000)2 
1,500 
1,000 


= 2.4 g. 


In this case, the motions normal to the radial 
motions may be taken to be vertical. These are 
1/3, 2/3, and 1 times the corresponding radial 
values of displacement, velocity and accele,ra- 
tion, i.e., 


fly = 1- dr ::: (;) (2.2) = 0.7 inches, 


Vy = t vr = (; )<22) = )5 in.fsee, 


2·,.... 
Z/' 


• 
Answer: The peak values of both hori- 


zontal and vertical motions, for air-induced and 
direct-transmitted shocks are: 


d(in.) 
v(in./sec) 
~ 


Vertical 


Air-induced 
6.3 
59 
59 
J:)irect-transmitted 
0.7 
15 
2.4 


Horizontal 
Air-induced 
2.1 
39 
59 
Direct-transmitted 
2.2 
22 
2.4 


( 


~ In this particular example the air-induced mo- 
tions; with the exceptivn of the horizontal dis- 
placement, are the largest values for both the 
vertical and 'horizontal directions. In the hori- 


---zontal direction, the direct-transmitted value of 
displacement IS nearly equal to that of the air- 
induced valu~. In many cases, especially at short 
range and for stiff media; it will be found that 
the direct-transmitted motions will be the larg- 
est, and will control the analysis. From para- 
graph 2-66, the bounds for the shock response 


spectra are obtained .by multiplying the control- 
ling displacement, velocity. and acceleration 
values by 1, I.S, an:! 2.0, respectively. 


VertiCal Response Spectrum Bounds: 
D = I.Od = 6.3 in. 


Y = 1.5v = 89 in./sec 


A = 2.<kl = 118g 


Horizontal Response Spectrum Bounds: 
D = l.Od = 2.2 in. 
V = 1.5v = 59 in./sec 


A = 2.<kl = 118g 


These spectra bounds are shown in Figure 11-51. 
They show the response spectra for a single- 


degree~f-freedom system. These bounds are 
used in the analysis of the vu lnerability of equip- 
ment mounted in an underground structure in 
Problem 11-8 . 


• 
Related Material: See paragraphs 2-24, 


2-~hrough 2-66, and, Sections II and III of 
Chapter 11. 


SECTION IV 


_ 
UNDERWATER EXPLOSION 


PHENOMENA '. 


• 
An underw~ter nuclear explosion is char- 


acterized initially by the fonnation and .propaga- 
tion of an underwater shock wave. The dissipa-' 
tion of heat at the shock front causes the water 
to vaporize in the vicinity of the explosion and 
results in the fonnation of' a large bubble of 
steam. The interaction of the bubble and the 
shock wave with the air-water interface produces 
various surface phenomena, including spray 
domes. columns, plumes, base surges, radioactive 
pools and surface waves. If the explosion is on 
0Wiir the bottom, a crater is fanned. 


_ 
An underwater nuclear explosion also 
can result in thermal, nuclear, and electromag- 
netic radiation above the surface, but these phe- 
nomena are insignificant, except in the case of a 
shallow burst. These phenomena, when caused 
by a shallow burst, should approximate those 
from a shallow underground explosion. 


2·67 
Underwater Bubble II 
II An underwater nuclear explosion ~­ 


leases large amounts of thermal and nuclear radi- 
ation, essentially all of which is absorbed by the 
surrounding water withiri several feet of the ex- 
plosion (some radiation in the visible spectrum 
can be radiated to greater distances, depending 
o~ 
transparency of the water). 


_ 
During the early stages of the explosion, 
the warhead materials attain a very high temper- 
ature (tens of millions of degrees) and a very 
high pressure (on the, order of millions of atmo- 
spheres). Energy acquired 'by these materials is 
transferred to the layer of water nearest the 
bomb, which is heated and compressed and 
which, then, heats and compresses the next out· 
, ward layer. A compression wave (or hydrody· 


namic shock front) is fanned by this mechan- 
ism, and this wave moves outward from the 


explosion at a speed greater than that of sound. 
This shock front expands faster than the rna- 
teri3J that it engulfs, which also moves outward, 
b"a slower rate . 


• 
As the shock front moves away from the 


pOint of explosion, energy is dissipated as heat, 
which raises the temperature of the water en· 
gulfed by the, shock front. The largest tempera· 
ture increase occurs near the center of the explo- 
sit?n, where the water is not only vaporized but 
dissociated 'as well. At greater distances, the 
water is vaporized and turned to steam at the 
shock front. ,At still greater distances, the water 
is not heated by the shock front sufficientiy to 
boiL The bubble that is fonned does not have a 
clearly defined "surface." Figure 2·92 shows this 
pr.ssion in a highly stylized form. 
Thus, shortly after an underwater burst 
an expanding bubble is formed, which is com- 


po~d largely of vaporized water with radio- 
active bomb debris at its center, surrounded by 
heated water. Large quantities of neutron- 
activated elements in the sea water are also pres- 
ent in the steam and layer of surrounding water; 
however, the total induced radioactivity is rela- 
tively small compared to the fission product 
radioactivity. Continued expansion of this' 
bubble reduces the pressure within it. As the 
bubble pressure falls below the vapor pressure of 
the heated water" additional water flashes to 
steam at the interface of the bubble and the 
WI If ~he explosion is deep underwater, the 
bu 
e continues to expand at a decreasing rate 
until a maximum size is reached. If it is not too 
near the surfaCe or the bottom, the bubble re- 
mains nearly spherical to this point. 1-5 a result 
of the inertia of the water surrounding the ex· 
pan ding bubble, the bubble actually overex- 
pands; i.e., when it attainsjts maximum size, its 
pressure is. below the ambient water pressure. 
The high pressure around the bubble then causes 
it to contract with an increase in its pressure and 
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Figure 2-92. II 
Representation of Bubble Development II 


2-~ 


2Z~ 


II 
condensation of some of its steam. Since the 
hydrostatic pressure is larger at the bottom of 
the bubble than at the top. the bubble does not· 
remain spherical during the contracting phase. 
The bottom moves upward faster than the top 
(whi(;h may even remain stationary) and con- 
tacts the top to form a toroidal, or doughnut- 
shaped. bubble as viewed from above. This 
causes turbulence and mixing of the bubble con- 
tents with 'the surrounding water. 
. 


_ 
The inertia of the water set in motion 'by 


th~bble contraction causes it to overcontract. 
and its internal pressure becomes very much 
higher than the ambient water pressure. A sec~ 
ond compression wave (the first bubble pulse) 
commences when the' bubble reaches its mini- 
mum volume. This wave has a lower peak pres- 
sure. but a longer duration. than the initial 
shock. A second cycle of bubble expansion and 
contraction begins. 


• 
When the bubble pulse is emined, the 


bu= surface becomes exceedingly unstable; a 
multitude of water spray jets shoot inward, 
thereby condensing much of the steam 'and de- 
grading the bubble energy, Figure 2·93 shows 
the relative partitioning of the energy of the 
eXMosion with time qualitatively. 
The bubble is relatively stationary dur- 


ing 
e initial expansion cycle, but upon con- 


tracting.it begins to migrate upward unqer the 
action of buoyant forces. The rate of upward 
migration is greatest when. it is contracted and 
nel' zero when it is expanded. 
" 


If the bubble is far enough below the 
surface, it continues to pulsate and rise, though 
after three complete cycles enough steam will 
have condensed to make additional pulsations 
unlikely. During the pulsation and upward mo- 
tion of the bubble, the water surrounding the 
bubble acquires considerable upward momen- 
tum and eventually breaks through the surface 
with a high velocity (about 200 mph for 
Wigwam, a deep underwater shot) thereby creat- 


in~large plume. 
. 
If the explosion is at a shallow depth. 
the ubble may break through the surface dur- 
ing one of the early pulsations, or even during 
the fIrst pulsation cycle. If such a breakthrough 
occurs when the bubble pressure is higher than 
ambient (as with a very shallow explosion), a 
phenomenon known as a "bJowout'~ occurs. If a 
breakthrough occurs when bubble pressure, is 
below ambient, "blowin" occurs. The surface 
effects differ markedly for the. two phenomena 
(see Figures 2-100 and 2-101 and accompanying 
text). A migrating bubble will not produce a 
bubble. pulse if the bubble minimum occ,urs at or 
a~ 
the original water surface . 


• 
A strongly migrating bubble might con- 


tinue to expand and not pass through a maxi· 
m urn size, somewhat like a balloon nsmg 
through the atmosphere. This is the balloon ef- 
rect. A bubble migrating in this manner will not 
emit' any bubble pulses, The conditions that 
cause a, nuclear bubble' to balloon rather than to 
pulsate afe still subject to speculation; however, 
the absence of an expected bubble pulse might 


be~x lained by the balloon effect. 
The maximum bubble radius and the 
first 
ubble period (time between burst and first 
minimum) are related to yield and depth of 
burst, as illustrated by the following two equa- 
tions, which pertain to submerged bursts, i.e., 
the depth of burst, db is greater than A 
: 
max 


where 


kdt3 


A 
= J'-- 
max 
Zl/) , 


WI/3 


T. = K'-- 
ZS/6 ' 


Ainu = Mu.imum bubble radius (Ct), 
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Figure 2-93. _ 
Energy Distribution Following an Underwater 


Nuclear Burst til 
' 


() 


- 
J' = Empirical constant, 1500, 


K' = Empirical constant, SIS, 


TI = First bubble period (sec), 


~' .= Yield (kt), 


Z = Hydrostatic head (db + 33) (ft). 


The fonn of the equations is the same as those 
given by..Cole for high explosives. The constants, 
J' and K', are slightly' different because an 
underwater nuclear burst fOnTIS a steam bubble 
rather than gas bubble (as do high explosives) 
and because of other differences, mainly the dis- 
tribution of total energy between bubble energy, 
shock wave energy, and residual radioactive 


It is likely that the constants J' and K' 
enlT '. 


are actually somewhat dependent on depth. This 
can be understood qualitatively as follows: J' 
and K' implicitly include the fraction of explo- 
sion energy includeCl in the bubble. As the depth 
of burst is increased, a smaller fraction of explo- 
sion energy is converted to steam by the expand- 
ing shock wave (and more energy goes into heat- 
ing water) because of the greater hydrostatic 
pressure that must be overcome to boil water. 


_ 
The second and third bubble maximum 


ra~he periods between minima, and the mi- 
gration between periods, depend on the fraction 
of bubb'le energy that remains following suc- 
ceeding bubble minima. The energy 'loss that 
occurs is due primarily to stearn condensation at 
bubble minima as previously described, but the 
amount of energy loss is irifluenced by the depth 
at which the minimum occurs. An analytical rep- 
resentation of the energy as a function of bubble 
migration, _which is best solved by use of a high- 
speed computer, has been developed,· however, 
satisfactory solutions to bubble problems can be 
obtained by use of curves derived from the rep- 


resentation, as illustrated in Problem 2-28. 


.• WATER SHOCK WAVE AND OTHER 
P ESSVRE PULSES II 
II The initial shock wave from an under- 


water explosion propagates radiaJly from the 
source. This shock wave is characterized by an 
abrupt, virtually instantaneous, increase in pres- 
sure fonowed by a decrease that is approxi- 
mately exponential. Near the explosion, the 
peak shock wave pressure is extremely high, but 
energy losses to the water cause the pressure to 
decrease somewhat faster than inversely with 
radius. Similarly, ear~:' shock wave yropagation 
velocities are high, but by the time the peak 
pressure falls to about 3,000 psi, the propaga- 
tion velocity becomes nearly equal to the acou- 
stic speed in water (about 5,000 ft/sec), and the 
enlr losses become small. 
, . 
If an explosion takes place far from 
eit er the surface or the bottom, the shock wave 
remains spherical as long as it propagates into 
water having constant acoustic velocity. This ve- 
locity depends on temperature, hydrostatic pres- 
sure, and salinity, however. and in regions of the 
ocean in which significant sound velocity gra- 
dients exist, the shock wave can be bent or re- 
fracted, Refraction can either increase or de- 
crease the shock wave pressures locally, depend- 
ing on ambient water conditions. No general pre- 
diction techniques can be given, but the subject 
is.ussed further in paragraph 2-71. 
. 
When a shock wave moving in water en- 


counters another medium, it may be reflected as 
a tensile or rarefaction wave, as in the case of a 
water-air boundary; a compression or shock 
wave, as in the case of a water-bottom interface 
if the angle of incidence is not too far from the 
nonnal; or a distorted pulse having in general 


;a;:::;::-;-xpreuion iI de1c:ribe4 in ''The Parameterl of Under· 
w1lr;i;c~ £xplolioa Buhblel" (_ biblioJnphy). 
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II 
both a positive and a negative phase, as in the 
case of more glancing inCidence at the bottom. 
These 8J'e discussed sep8J'ately in the foUowing , 
paragraphs. 


2·68 
SUrf8.ce Reflection II 
• 
The rarefaction wave, generated by the 


reC'tion of the primary shock wave from the 
surface, propagates downward and relieves the 
pressure behind the primary shock wave. If the 
shock wave :is treated as a weak (acoustic) wave, 
this .interaction instantaneously decreases the 
pressure in the primary shock wave to a value 
that might be well below the vapor pressure of 
the water, as shown by the broken line in Figure 
2-94, Point A. Cavitation occurs in seawater 


--when its pressure decreases to a value somewhat 
below its vapor pressure. The pressure of the 
primary shock wave is, therefore, reduced to a 
value wroch, when compared with the peak pres- 
sure, is usually so close to ambient water pres- 
sure that the shock wave pulse appears to have 
been truncated, i.e., reduced to ambient 
pressure. 
I 


For a strong primary shock wave, the 
re eeted rarefaction wave propagates into water 
that has alieady been set in motion by the shock 
wave. Therefore, the rarefaction wave arrives 


.;. ... :;;;; ~!~:.r. pr::dicted from the acoustic approxi- 
mation, and the pr~ssure cutoff is not instan- 
taneous. This effect typically gives a pulse shape 
shown by the solid line for Point A of Figure 
2-94.· The shallower the point at which pressure 
measurements 8J'e made, the sooner the primary 
shock pulse is "cut ofr' and, hence, the shorter 
its duration (see Figure ,2-94, Point B). At suffi- 
ciently shallow locations, the rarefaction wave 
interacts with the shock front and reduces the 
peak pressure (see Figure 2-94, Points C and D). 
The region in which peak pressure is reduced is 
known as the "anomalous region:- 
I 
TIl'; effects of surface retlection decrease 


rap 
y with increased depth of either the explo- 


sion or the point of measurement. Conversely. as 
the depth of burst is decreased (or the yield in- 
creased for a given depth of burst), the effects 
increase. The size of the anomalous region in- 
creases with decreased depth of burst u~t!l. for a 
surface burst, the anomalous region ::",uUs all 
points beneath the water surface except those 
close to the explosion and directly under it: 
-til A limited amount of data are available 
concerning the retlection of shock waves from 
an ice layer. To date all tests have been with 
relatively small explosive charges (a majority of 
the test shots have been in the J- to 40-1b range, 
with one shot of 630 Ib). The situation is com- 
plicated by reflection and refractions s.: both the 
water-ice boundary and the ice-air boundary. 


2·69 
Bottom Reflection • 


_ 
Under certain circumstances, the shock 
wave from the bottom can be more damaging to 
surface. srops and shallow submarines than the 
primary shock. Although the peak pressure of 
the retlected wave is usually smaller, the wave 
arrives at a steeper angle, and therefore may in- 
duce more damaging shock motion to a target at 
or near the surface. 


2-70 Secondary Shocta.lnd 
Pressure Waves • 


_ 
An underwater burst can cause compres- 
sion waves in addition to those described above. 
but these effects are usually negligible. These 
waves include retransmitted pulses, cavitation 
pulses, bubble pulses, and others that are de· 
scribed brietly below. 


• 
Retransmitted Pulses. Upon reflecting 
from the surface and bottom, some pri- 
mary shock energy is InnSmitted into the 
air or bottom material, and some of this 
energy can be retransmitted back into the 
water. 


• Cavitation Efflets. Iu noted earlier, the 
reflection of the shock. wave from the sur- 
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II face can lead to bulk cavitation below the 


surface. During the period of cavitation, 
the cavitated region can absorb funher 
shock waves impinging on it. In 'the forma- 
tion o~ the cavitation region, the rupture 
of the ;water by the shock wave causes a 
liquid surface layer (sometimes called 
"spall"') to project upward in almost a ba1-' 
listie trajectory. The impact of this spall 
when it returns to the surface can lead to 
further secondary shock waves. These 
shock 'waves account for the OCcasiOha1 
larger damage to ships at intermediate 
ranges ;compared with the damage at short- 
er or longer ranges. 


• Bubble Pulses. If an explosion is deep 
enough for one or more bubble pulsations 
to occur, compression waves are generated 
at the time of ~ach bubble minimum., 
• Other Pulses. All pressure waves are sub- 


ject to multiple reflection from the surface 
and bottom. Also, in areas of irregular bot- 
tom topography, more than one reflected 
pulse Can be generated: 
til Figure 2-95 shows typica1 shock wave 
and pressure pulse patterns for various burst and 
measurement conditions. 
2.?!.. Refraction of Shock Waves II 
• 
The shock front from an explosion far 
from a boundary (surface, bottom, etc.) remains 
spherical provided that it expands into water 
having constant acoustic velocity (isoveJocity). 
However, the acoustic velocity in water depends 
on the temperature, salinity. and hydrostatic 
pressure, and these properties are not necessarily 
constant throughout a large body of water. As a 
result of variations in these properties, generally 
in horizontal layers, a region of water can have a 
characteristic acoustic velocity pronle (sound ve- 
locity vs depth). Under such conditions, the 
shock wave is bent (refracted) because one part 
of the wave moves faster than another. 


II Refraction of the shock wave can result 


in convergence and reinforcement of the shock 
wave. \ This reinforcement commonly occurs 
along a surface called a "caustic." This effect 
may be illustrated by the use of a ray diagram· 
(Figure 2-96). The acoustic velocity prof11e that 
corresponds to the ray diagram is also shown in , 
the fIgUre. The formation of several caustics for 
one burst is observed frequently. Regions of 
relatively low pressure also occur, such as the 
"shadow zone" above the caustic in the fl,gure. 
_ 
The caustic can reinforce the peak pres-- 
sur~y a factor of five or more over the isove- 
locity value, while the pressure observed deep in 
the shadow z.one can be essentially negligible. 
Shock wave impulse amplification factors do not 
go through a maximum at the caustic position. 
They remain much closer to unity than do peak 
pressure and energy factors. 


__ As a result of ocean currents and under- 


water sweUs, the acoustic velocity prortJe in the 
ocean is rarely stable: Thus, the location of the 
caustics can shift rather quickly and unpredict- 


ab~similar, to optic mirages). 


• 
Common types of sound velocity pro- 


flies can give rise to caustics at various distances 
greater than about one mile. In particular, in 
about half of the areas of the oceans, a caustic 
occurs at what is known as the convergence 
zone, typically 30 (10 to 40) miles from an 
underwater burst. Therefore, it is conceivable 
that a submarine might suffer damage from its 
own multi-kilotpn weapon detonated at a dis-- 
tance of about 30 miles if it happened to lie on 
the caustic of its shot. 
II In Figure 2-96. sound speed is consider- 


ed to vary with depth only. Actually this would 
rarely happen. The velocity can vary consider- 
ably across the, ocean within the range of inter- 
est. Generally, the region of focusing is sharper 
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DEEP EXPLOSION IN MUCH DEEPER WATER 
MEASUREMENT AT DEEP DEPTH 


d. 
BOTTOM-INDUCED PRESSURE PULSE 


e. 
SHOCK FROM CAVITATION COLLAPSE 


f. 
AIR-INDUCED WATER SH'OCK 


g. 
OTHER 


Figure 2-95 .• 
Typical Shock Wave Patterns Along Line A-A _ 
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Figure 2-96. II 
RsV Diagram fol' an Idealiled Velocity' Profile II 
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• 
and the maximum value of the amplification is 
greater for smaller yields. 


2~72 Air Blast II 
. 


• 
The air blast wave has one to three 


pu~ of various amplitudes, depending on the 
. burst depth and the location of the observation 
point with reference to surface zero. These 
pulses are generated by two .underwater explo- 
sion mechanisms; One is the underwater shock 
wave that transmits a portion of its energy 
across the water-air interface. The other is the 
underwater explosion bubble, which manifests 
itself in two ways: for burst depths shallower 
than about 3511'1'3 feet. the bubble vents. caus- 
ing an ai. pressure yulse: for Durst depbiS deeper 
than 35W1 /3 feet. a spray dome is pushed up by 
t,xpanding bubble, causing a bow wave. 
For burst depths shallower than about 


50 
3 feet the transmitted pulse arid the bub- 


ble generated pulse are formed almost simultan- 
eously. resulting in a single intense pressure 
pulse over surface zero. For burst depths be- 
. tween SOWl! 3 feet and about 15()W113 feet, up 
to three pulses can' be seen. The transmitted 
shock in air bifurcates near surface zero to fonn 
'. two air pulses. and the bow shock causes the 
third air pulse. For burst depths. deeper than 
about lSOWI i 3 feet, the spray dome rises so 
slowly that no bow shock is formed and only the 
air pulse from the transmitted shock is important. 


_ 
This discussion of the generation of air 


bla~rom underwater bursts is a simplified dis- 
cussion of a complex subject. Much .analytical, 
theoretical, 'and, experimental work has been 
done to understand the physics of air blast gen- 
eration. More complete discussions of the sub- 
ject are given in Malme, Carbonell and Dyer 
( 1966); Peckham and Pittman (1968); Pittman 
(1968); and Rudlin and Silva (1960) (see biblio- 
graphy). Only a limited number of air blast 
measurements are available from nuclear weapon 
tests. The data are not sufficient to fonn a basis 


for predicting air blast for a spectrum of burst 
depths and pressure levels. The available pte- 
. dictive measures are based mainly on high explo- 
, sive tests as described in Problem 2-31 . 
II SURFACE EFFECTS OTHER 
THAN WAVES. 
. 
II 
TheflfS! surface effect of an underwater 
burst is caused. by the intersection of the pri- 
mary shock wave and the surface. Viewed from 
above, the effect frequently appears to be a 
rapidly expanding ring of darkened water, often 
caJIed the "slick" (Figure 2-97). A white circular 
patch (the "crack") follows closely behind the 
darkened region. The crack probably is caused 
by underwater cavitation produced by the rr!- 
fleeted rarefaction wave. Shortly after appear- 
ance of the crack. the water above the explosion 
rises vertically and forms a white mound of 
spray, called the "spray dome" (Figure 2-98). 
This dome is caused by the ve]ocityimparted to 
1hewater near the surface by the reflection of 
the. shock: wave and the subsequent breakup of 
the surface layer into drops of spray. Additional 
slick, crack, and spray dome phenomena may 
result if the. bottom-reflected shock waves and 
bubble-pulse compression waves reach the- sur- 
, faUth sufficient· intensity (Figure 2-99). 
_ 
The spray dome from a shallow burst 
changes rapidly to a shallow column formed by 
the upw~d and outward motion of the water 
surrounding the expl,?sion bubble. If blowout 
occurs, the upper part of the column is likely to 
resemble a crown, which contains explosion pro· 
ducts blown out of the column (Figure 2-1001. 
If blowin occurs, the crown is likely to be absent 
(Figure 2-) O} a). In its later stages, the co!ur.1n 
may break up into column jets (relatively broad 
spouts of water that disintegrate into spr.JY .IS 
thMtravel through the air) (Figure 2-101 b). 
If the burst is sufficiently deep to pre- 


vent 
lowout, but shalJow enough for the bub- 


ble to continue to oscillate as it approaches the 
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Figure' 2-101. II Column from Shallow Underwater Burst (no blowout) II 
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II 


surface. plumes of upwelled water and steam can 
occur (Figure 2-102). 
11 Upon subsidence. of the column and 
plumes from an underwater explosion, a 
"doughnut-shaped ring" of mist is fonned, 
which is called the base surge and which is high- 
ly radioactive (Figure 2- J 03). This ring, or series 
of rings. expands radially in the absence of wind, 
but in the presence of wind, it elongates and 
drifts with the wind until it dissipates. A train of 
surface waves also expands ,radially from the ex- 
plosion. 
' 


_ 
After dissipation of the base surge, the 
water surface around the explosion appears 
white (Figure 2-104). This "foam-patch" results 
from the upward motion of water and gaseous 
explosion products in the vicinity of the bubble, 
their spreading over the surface of the patch, 
and their downward motion at the edge of the 
patch. During its later stages, the foam-patch 
appears as a ring of foam and debris that is left 
floating where the water circulates downward. 


_ 
As previously noted, the surface phe- 


nomena described above vary with the weapon 
yield and the depth of burst. Although clear-cut 
distinctions cannot be made in all cases, six ex- 
plosion categories have been established to aid in 
establishing safe w~apdn delivery ~teria. These 
categories are defined in Table 2-8. The classifi- 
cations have been tested at yields as large as 30 
kt, but they probably are valid for yields up to 
about 1 00 kt. 


• 
The limits of the relations given in Table 
2-8 are plotted in Figure 2-105, and the phe- 
nomena that establish the categories are describ- 
ed below. 


• Near-sur/ace bursts. The layer of water 
above the burst is vaporized by the explo- 
sion. The surface phenomena for this type 
of burst and the associated hazards are 
unknown. The radiological hazard of the 
base surge is considered to be unimportant 
compared with air blast and fallout 


Table '--8. II Classification of Bunt Depth 
Categories III 


Classification, -- 
Definition 


Near surface 
0< db < 


If3 


21W 
Very shallow 
21Wl/3 < d < 
b 
75W l /3 


Shallow 
75WII3 < d b < 240Wl/4 


Deep 
240WI/4 < d b < 700Wli4 


Very deep 
700Wl!4 < d b 


Contained- 
ISSOW1I4 < d b 
No spray dome- 
2500W l13 < d b 


-ahese values are derived from H.E. tests, They have 
nKen confirmed by nuclear tests; therefore, they are 
to be interpreted as "containment possible" and "pOSSIble 
limiting depth for spray dome formation." 


hazards. 


• 
Very shallow bursts. The bubble vents 
early during the fust expansion cycle, i.e., 
when the bubble pressure is greater than 
ambient, and fission products are' blown 
out at that time. 


• Shallow bursts. The bubble vents latt: 


during the flJ'St cycle, after the bubble 
pressure has dropped below ambient, and 
fission products are blown in. 


• Deep bursts. The depth of burst is equal to 
or greater than the radius of the fully ex- 
panded bubble, but not as deep as the very 
deep burst described below. 


• 
Very deep burst. The explosion is at suffi- 
cient depth that the bubble breaks up, be- 
comes a vortex ring, or loses its identity- 
...aefore reaching the surface. 
~ 
The surface radioactivity from a very 
deep burst is operationally insignificant within 
about an hour and may be faint enough to es- 
cape detection. 
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Classification of Underwater, Nuclear Burns • 
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_ 
No radioactive debris would be observed 
on the surface from contained bursts. The prob- 
ability of containment of the radioactive debris 
is a function of the oceanic density pronIe. The 
relation in Figure 2-105 probably is valid in cer- 
tain tropical waters, but bursts at these same 
depths in . northerly latitudes probably would 
nu contained. 


_ 
No SIJlface effects due to bubble pulsa- 


tion or migration occur as a result of bursts that 
do not produce a spray dome. 


• 
Although water depths may also influ- 


en ce surface phenomena, and consequently 
burst classification, the mathematical defmitions 


in~le 2·8 do not include this influence. 
.. The various surface phenomena can be 


__ divided into. two categories according to their 
origin, i.e., those produced by shock waves and 
those producep by the water motion accom- 
panying bubble pulsation and rise. In the former 
category. the slick, crack; and spray dome are of 
operational importance. In the latter category, 
columns, plumes, base surge, and the long-lasting 
foam patch can be significant. More detailed de- 
scriptions of the surface phenomena are given in 
the following paragraphs. 


2-73 
Spray Dome II 
'!! The spray dome (or spall), is formed by 
the acceleration and breakup of the surface 
water layer. The initial surface velocity directly 
above the burst is the sum of the water plfrticle 
velocities imparted by the incident and reflected 
waves; elsewhere, the initial velocity is approx.i- 
mately the sum of the vertical components of 
these velocities (r.ome initial surface velocities 
have been observed to be higher than so calcu- 
lated). The. height of the spray dome is limited 
by deceleration of gravity and air drag. 
_ 
If the depth of burst is sufficiently deep 


fo~e or more bubble oscillations to occur be- 


f..,~ venting, there may be secondary spray I 
dome-s from reflection of compression waves 


emitted by the later bubble expansions. These 
can be' several times higher than the primary 
dome from very deep bursts. 


• 


The calculations of spray dome ex.tent, 
ve lcal water velocity, and spray height are de- 
scribed in Problem 2-32. Plumes appear over the 
central portion of the spray dome from shallow 
bursts; therefore. a calculation of spray dome 
height may have little value. 


2·74 Plumes, Column, 
_ 
Cauliflower Cloud .. 
II If the burst is deep enough to prevent 
blowout (shallow to very deep bursts), expan- 
sion, pulsation, and rise of the bubble produce a 
violent upheaval and expansion of water above 
the surface to form plumes. In those deep explo- 
sions where the bubble collapses just beneath 
the surface, the rising bottom of the bubble jets 
through the layer of water above the bubble and 
probably will form a plume. In deep and very 
deep explosions, the upward motion of the 
water about the rising bubble also forms a 


The water displaced by the expanding 
PII' 
bu 
e from very shallow bursts forms a dome- 


shaped shell of water. over the bubble. Later. this 
Shell ruptures and blows out the bubble constit- 
uents. For a very shallow nuclear explosion, 
blowout is accomparued by the- formation of a 
"cauliflower cloud" at the top of the plume. 
til Since there are insufficient data for a 
comprehensive prediction technique, predictions 
of plumes, columns, and clouds are based on 
direct scaling from four nuclear bursts. Pre- 
dictive relationships and examples of their use 
are given in Problem 2·33. 


2-75 B_ Surge • 


• 


As the plume from a deep burst or the 
co urnn from a shallow burst falls back to the 
surface, it generates 8 cloud of fine spray. or 
aerosol, called "base surge," which usually is a 


o 


II 


radiation hazard. The base surge expands and 
circulates as a toroidal cloud under the influence 
of the collapsing W'ater plume. The expansion is 
rapid at nrst (exceeding J 00 ft/sec); however, it 
decelerates upon mixing with the ambient air. 
During this period, part of the cloud evaporates 
and cools the air.' As its kineti~ energy dissipates 
and the cloud reaches its maximum diameter, it 
tends to thin out, and it may even become invisi- 
ble .as a consequence of diffusion and continued 
evaporation. In a sense, the base surge still 
exists, because some ocean salts and detonation 
products remain airborne .. 
II 
Two type~ of base surge have been en- 


countered during weapon tests: 
• 
"Doughnut-shaped" clouds from very shal- 
low and shallow detonations 


• 
"Disc-shaped" clouds or, more properly, a 
series of . concentric "doughnut-shaped" 
clouds from deep and very deep deto- 
_ 
ations. 
Al th o ugh visible configurations are 
actually quite irregular, the base surge conngura- 
tion for very shallow and shallow detonations 
can be represented as a hollow cylinder'or a hol- 
low truncated cone Jor radiation exposure esti- 
mates. The inner diameter of the cylinder is ap- 
proximately two-thirds the outer diameter. For 
very deep and deep bursts, a cylinder or trun- 
cated cone are adequate model configurations. 
. The height of the visible b~ surge clouds at 
various. weapon tests have varied between about 
J ,000 and 2,000 ft, probably as a result of tur- 
bulence and meteorological conditions. 
II 
A base surge is transported by the wind 
dunng its formation and growth. As a general 
rule, the transport should depend upon the wind 
speeds at altitudes between the surface and the 
maximum surge height. The downwind growth 
. curve may be predicted by adding the highest· 


wind speed reported between these levels to the 
average growth curves. The upwind growth 
should lie between a predicted curve based on 
subtracting half the surface wind speed (a rule- 
of-thumb to 'account for friction with the sur- 
face) and a curve obtained by subtracting the 
wind· speed used for the downwind curve. At 
early times the fonner would be more accurate 
while at' later times the latter would be more 
correct. Base surge prediction relationships and 
an example of their use are given in Problem 
2-34 .. 


2·76.. Foam Patch and Rins II 
_ 
After subsidence of the plume, column, 


ann'ase surge, a lvughly circular area of dis- 
turbed water is still visible. This area is primarily 
defmed by its white color and indications of tur- 
bulence at the perimeter. In the case of deep 
explosions, the patch can result from an upsurge 
of water caused by bubble migration. This water 
spreads out and then sinks, the overall motion 
being sOmewhat toroidal. Foam and flotsam 
tend to collect at the edge of the patch. 


_ 
The whiteness from deep shots is be- 
lie= to be caused by foam generated by the 
agitation of the water, particularly as the plumes 
fall back. Similar foam patches occur from shal- 
low detonations, but their whiteness is caused 
partly by suspended bottom material. The foam 
patch contains appreciable quantities of weapon 
debris and presents a potential radiation hazard 
t0l:nnel in small boats or .ships. 
. 


The foam patches developing from test 
exp osion have been on the order of 1.5 to 2.S 
miles in diameter about ] 5 min after detonation, 
but they continued to expand slowly and irregu- 
larly with water currents and diffusion into the 
water, until the last visible manifestation was a 
ring' of foam and debris. Their ndioactivity 
could be traced for many days, although they 
had been inVisible for quite some .time. 
. 


__ WATER SURFACE WAVES II 


2·77 . Generation and.O &gation of W.18r 
Surface Waves 
. 
.. 
A submerged nuclear explosion. like any 


o=" physical event that produces a localized 
disturbance on the water surface, generates a 
group of surface waves that expand radialJy. The 


cb~-act~;i:;ti=s of expJosively lenerated waves 
depend upon the yield, the depth of burst, and 
the range to the point of observatiop. If the 
water is sufficiently shallow, the bottom con- 
tour also can affect the generation and propaga- 
tion of the waves. 
II 
The foHowing physical description of 
the wave generation process and the succeeding 
prediction technique are based on: 


--. • 
Laboratory experiments with small' H.E. 
charges 


• Wave data for the nine nuclear shots that 
have been fU'ed on or in the lagoons at 
Eniwetok and Bikini, as listed in Table 2-9. 
• 
Wave data for' aU the known tests in water 
with H.E. charges larger than 10 lb, as list- 
ed and referenced in Table 2-10. 
Surface waves produced by an underwater 


explosio~ are generated by pulsations of the 
cavity formed at the surface when the oscillating 
. :'..;!:,:::~ ~::::!:: ~:-.:ough the surface (vents). 


• 
At a short range, within a few cavity 


rar.the farst wave crest is so high and steep 
that it is unstable', and it spills forward turbu- 
lently and diSSipates much of its energy. How- 
ever, as the wave train expands and attenuates, 
the waves become shallow and smooth, their 
number inCreases, their energy remains nearly 
constant, and the highest wave appears succes- 


si~ely later in the train. A wave gage record for 
such an expanded wave train is shown in Figure 
2-106. The height H of the highest wave (trough· 
to-crest) decreases nearly inversely with range R; 
but the length, speed, and period all remain 


nearly constant for. this peak wave, which is the 
one temporarily located at the fU'st anti-node of 
the wave envelope as the waves move back in the 
envelope. 


_ 
An approximate mathematical theory 


h~ndeveloped for shallow waves propagat. 
ing from a shallow disturbance on the surface of 
water with constant depth. The results of this 
theory compare well with measured wave trains 
when a motionless "pseudo-cavity'i is selected to 
approximate the wave generator or initial condi- 
tions. The "pseudo-cavity" is a shallow motion- 
less depression of the water surface near the 
explosion. Its shape is derived empirically to cor- 
respond with the waves measured far from an 
explosion, but it does not necessarily correspond 
accurately with the actual shape of the water 
~e 
at any time. 
. . 
_ 
All of the known measurements of peak 
wave height over deep water for charges greater 
than 10 Ib are plotted in Figure 2-] 07: The verti- 
cal bars indicate the variation of HR for repeat· 
ed shots and/or various gage rangesR. There is 
little discernible effect of depth of burst except 
near the "upper critical depth," where the H.E. 
charges were 'only partially submerged and 
where the peak wave height nearly doubled. Al- 
though cutTent studies indicate that the upper 
critical depth effect may exist for nuclear as weJl 
as for. H.E. charges, there is no fmn evidence to 
support the inference as yet. 
II 
A plot comparable with Figure 2·107 of 
the data for H.E. charges smaller than 10 Ib 
exhibits a pronounced upward hump in wave 
·height versus depth of burst at ~.III: 3~~ (and 
possibly also at d 
lit: 8~i). This increase in 
wave generation ePficiency at the "lower critical 
depth" occurs when the expanding underwater 
cavity ruptures the layer of water above it (or 
vents) just before it becomes fully expanded. 
For large submerged explosions, the expanded 
bubble becomes tangent to the surface when the 


NUMBER 
SERlES 
.SHOT, 


I 


HARDTACK 
UMBRELLA 


2 


H/RDTACK 
WAHOO 


3 


CROSSROADS 
BAKER 


4 


WlGWA.\1 


5 
REDWlNG 
FLATHEAD 


6 
REDWlNG 
DAKOTA 


7 
REDWlNG 
NAVAHO 


8 


CASTLE 
UNION 


9 


CASTLE 
YANKEE 


Table 2-9. _ 
Measured Wave Data from Nuclear Tests ,II 


WATER 


YIELD 
DEPTH 
CAVITY 
H' 
04 'W 
RADIUS d~/lOO(W)114 
R/2 X I .J' 
AT CHARGE 
_ 
~----~--------~----~------------~----~ 
W (kl) 


lOO(W)1/4 
d.,., (fl) 


23.5 


220 


32 
238 


,7,000 


916 


13,500 
1,080 


3,000 


180 


15,000 


120 


)40 


230 


145 


220 


500 


90 
36 
- 
60 


2,000 
118 


I,ooot 
0.82 
Shallow 


Very Deep 
o. 


0 _ _ 


o 
• 


7 
232 
- 312 
1,000+ 
0.16 
Shallow 


7 
426' - 438 
I,ooot 
0.20 
Shallow 


min - max -- 


0.74 - 1.24 


2.08 --- 


0.16 - 0.28 


0.37 - 0.38 


. *H is twice tbe measured height of the' peak crest except for shots 8 and 9 where H is the measured height 
of the first crest from the foUowing trough. H is corrected for uniform water depth = db by Green's law. 
tValue deduced from measured surface wave train (Kaplan and Wallace, see bibliography) is a lower limit 
considerably smaller than actual values, which are unknown. 


~Measured values of the column radius (Young, DASA 1240-1(9», see bibliOlfaphy. 


Table 2-10. 'II Measured Wave Data 'from urge H.E. Tests II. 


YIELD 
WATER DEP1li OF PEAKWAVE~ 
HR/2 x 10"Vw 
SHOT 
DEPTH 
BURST 
HEIGHT 
dwf1OO(W)1/4 


W (kt) 
, d ... (ft) 
~ (ft) 
HR/2 (ft)2 
Rc (ft) 
min - max 


WES Test Series at Lake Ouacltita (from Pinkston and from Whalin) 


125 Ib 
0.625 x 10"" 
100 
o - ,25 
80 - 
110 
22.5 
.90 - 1.24 


385 Ib 
1.97' ~ 10-4 
100 ' 
o - 36 
147 - 
225 
11.0 
1.25 - '1.91 


WESTeit Series at Mono Lake (1965 - 1966) 


(prellirunary data by private cOmmunication with R. Whalin and M. Pinkston and from Walter) 


I 


1965 - 6 1 0.46 
x 10-2 
130 
0 
1650 - 1900 
68 
5.2 
2.4 
- 2.8 


(9,200 Ib) 


- ,2 
.67 
2100.- 3900 
69 
3.1 
- S.7 


- 4 
1.04 
2100 - 2850 
71 
3.1 
- 4.2 


• 


- 3 
1.40 
1750 - 3000 
74 
2.6 - 4.4 
() 
-5, 7, 8, 9 
9 - 51 
61 - 80 


• 


1966 - 3 
=-130 
5.2 
1150 - 1250 
1.7 
- 1.8 


• 
- 2 
~ 


23 
850 - 1200 
1.2 
- 1.8 


n 
- 1 
60 
1300 - 1400 
1.9 - 2.1 


H 
HYDRA lla (Van Dorn) W = 104 Ib HBX 


" 
- 7 : 0.723 x 10-2 
300 
140 
1650 - 1970 
10.3 
1.94 - 2.31 


" " 
(14,450 Ib) 
l: 
, 


it 
- 8 
80 
975 - 1340 
US-l.55 


~ 


- 9 i 
35.5 
1260 - JS90 
1.48 - 1.87 


-10 
7.1 
1610 
1.88 
i' 


- II 
]5.9 
ISIO - ]840 
1.77 - 2.16 


- J2 
159 
1490 
, 
1.75 
.- 
- 13 
17.7 
1450 
1.71 


WATER LEVEL 
L 


~T--t 


Figure 2·106. II 
Wave Gage Record for an Explosion- 


Generated Walle Train. 
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• 
burst depth db equals 240W1 / 4 . The lower 
critical depth is somewhat smaller at about db = 
170WI /4: However, the effect on wave genera- 
tion is much smaller for the larger charges in 
Figure 2-107, and the height of the peak wave 
generated by large explosions in "deep" water 
can be approximated simply by 


HR/W~i4 = 16 ± 4, 


where H is the amplitude of the maximum of 
the first envelope trough-to-crest in feet; R is the 
radial distance from the explosion in feet, and 
WH E is the charge weight in equivalent pounds 
of TNT. An equivalent approximation is 


·HR = 40.500 (W)0.54 ± 25 percent, 


where W is the yield in kilotons and the other 
symbols are as defined above. Similarly, the 


, length and period of the peak wave can be ap- 


proximated by 


L = 15.5 (WHE) 0.288 ft. 


T = 1.74 (WHE) 0.144 sec. 


These three relationships were derived empirical- 
ly from test data for 125- and 385-lb H.E. 
charges and the two nuclear explosions shown in 
Figure 2·107. For a pseudo-cavity ofa given 
shape. which has a potential (gravitational) 
energy comprising a fixed fraction' of the explo- 
sive yield. all the dimensions of the cayity and 
the wave train are proportional to WUi. or Wll4 
(Froude scaling), and the exponents in the three 
equations given above' are 1/2. 1/4; and 1/8, re- 
spectively. Since the empirical exponent in the 
fU"St equation was found to· be 0.62 for small 
H.E. charges, it seems reasonable to suppose that 
the Utheoretica1"value of 1/2 may be the best 


value to use for extrapolation to large yields (the 
high kiloton and megaton range). With this ex- 
ponent. the data in Figure 2-107 have been reo 
plotted as a function of reduced~ water depth 
(rather than charge depth) for use in Problem 
2-35 (Figure 2·128). 
II 
The horizontal Une' in Figure 2· J 28 can 
be used to predict the peak wave height in deep 
water. However, it can be derived by the follow- 
ing simple procedure to illustrate qualitatively 
the physical process of wave generation in 
"deep" water to define· "deep." The approxima- 
tion is made that an explosion in deep water at 
any depth of bu~t above the lower critical 
depth generates a parabolic (nearly hemispheri- 
cal) cavity upon venting. and that the potential 
energy of this cavity Ec\$equal to 5 percent of 
the explosive yield Eo _ That is: 


Ec = ~ pv;gR: = 0.05Eo 


= 0.05 x 2.86 x 1012 W ft-Ib, 


II Thi~ gives the following cavity radius, 
which is taken equal to the cavity depth and the 
radius of the plume (or column) of water pro-- 
jected upward: 


and if the density of seawater and the hydrody· 
namic yield of the explosion are taken as 


Ib 
. 


Pv;1 = 65 --, and eo = 
ft 3 
] ,025 cal. 


srn 


Th.is cavity radius is not much larger than the 
bubble radius and depth of burst corresponding 
to 'the lower critical depth. The restriction on 


1 
! 


\ J 


, 
f i 


• 
water dl'pthd"", in the equation for Rc is taken 
as the minimum water depth that can be con- 
sidered "deep" i.e., the depth for which the 
li 


med cavity shape touches bottom as it vents. 
The dissipative effects close to the cavity 


are approximated by the assumption that the 
leading peak wave crest spills forward and breaks 
turbulently ~t R '" 2Rc to the limiting height of 
a wave that can propagate in a stable manner 
over deep water (the MicheU limit, or Hm IX = 
0.14L). FinaUy it is assumed that the amplitude 
'of the wave envelope H is attenuated inversely 
with range R as it continues to expand without 
dissipation. This gjves the "pR'dicted" !,eak 
wave height when the water depth at the charge 
location is "deep" (dw ';> 256w1 /4) as 


HR = 49,000 .JW":" 


which corresponds to the horizontal. line in Fig· 
ure 2·128. This "predicted" value ~n be used 
for depths of burst ranging from zero to at least 
five times the lower critical depth (at d == 
170W1 / 4 ) judgjng by the comparison with WIG- 
WAM data, ~ven though the cavity radius becomes 
too large for depth~ of burst much Delow the 
lower critical depth. 
11 !l!e ~e ~ Figure 2-128 can be e~tend­ 


........... v 
1:oJ.1AiJUW water by a comparable sunple 
procedure. ,In shallow water the cavity both 
touches bottom and vents to the atmosphere 
early during its expansion. Hence, much less 
work is done on the water by the expanding 
gaseous bubble, and much less energy is 
propagated as water surface waves over shallow 
water. Experimental data indicate that explcr 
Sions in shallow water generate a dry cavity sur- 
rounded by a nearly vertical wall of water which 
extends upward as a thin lip to form the 
"column." A lower limit for the maximum 
radius of this cavity (or column) is given by the 
{oUowing relationship, which was derived from 
the t.nergy ,calculated from measured wave trains 


2-.g~ 


over shallow water (Table 2·9) and which will be 
discussed i.ri succeeding paragraphs. 


R = 100 (W)lJ4 if d- < R 
c 
w 
c 


Once again, the dissipative effects close' to the 
cavity are approximated by the assumption that 
the leading peak wave breaks down to the limit- 
ing height of a stable progressive wave, but, for 
shallow water, the approximation is that Hm IX 
= (3/4) d"" = Miche limit at R = 2Rc.lf this peak 
wave height is then attenuated inversely with 
range R. the "predicted" peak wave height when 
the water depth a.t the charge location is "shal- 
low" (d 
<;; JOOWI(4) becomes 
, 
'II' 
• 


HR = 150 d W1/4 


w 
• 


which gjves the line with the 45 degree slope in 
Figure 2-128. This "prediction" can be used (or 
any depth of burst (0 <; db <: dw )as shown by 
measured data for H.E. charges in shallow water. 
As shown in Figure 2-128, there is much scatter 
in the nuclear wave data in shallow water and 
some of the measured peak wave heights are 
more than twice as large as "predicted" by the 
foregoing equation, which should be regarded 


, only as a rough rule-of-thumb for correlating the 
measured data in Figure 2-128. 
~ 
The only actual measured data for 
tlie radii of the water columns (or cavities) for 
nuclear bursts near the surface of water are for 
shots BAKER and UMBRELLA (Table 2-9). 
These values of Rc and those measured for sub- 
merged H.E. explosives arerou,ghly equal to the 
value given by the equation for maximum bub- 
ble radius in 
I 
which 
a burst 
. estimate for 


o 


so 
generate crater radii approximately twice 
as large as nuclear explosions of the same yield, 
so the nuclear-TNT equivalence is only about 10 
percent. The column radii observed for TNT det- 
onations near the surface of the water are rough- 
ly equal to 470W1 / 3 , ,which is the bubble radius 
given by the equation in paragraph 2-67 for a 
surface burst. This occurs even when the bubble 
radii exceed the water depth by a factor of 5, 
Therefore, it might be expected that a nuclear 
burst at the surface of water would produce a 
column radius about half as large as the H.E. 
value, or 240Wl/3 . This latter value is much 
larger than the lower limit estimated above (R c 
= I OOwl 14). This lower limit is also exceeded by 
the crater radii measured in the bottom after 
explosions in shallow water, and the water 
column radii probably exceed the crater radii. 
Although there are no substantiating data, nu- 
clear explosions at the surface of water of any 
depth probably generate water columns with 
radii between lOOW 1 / 4 and 240W1/ 3 feet. 


2-78 
Refraction and Shoaling II 


_ 
Explosion-generated waves, in common 


wilr'" wind waves and tsunami (earthquake- 
generated) waves, are affected by changes in the 
depth over which they propagate. As the waves 
move into water shallower than about one-third 
their length (or shoal), their period remains 
fixed, but both their speed and their length de- 
crease (between successive crests) and their 
height first decreases about 10 percent and then 
begins to increase'. Because of the change in 
speed, a wave bends or refracts if it moves into 
shallow water at an angle to the bottom con- 
tours. Refraction can increase or decrease the 
localized wave height, depending on the hydro- 
graphy over which the wave moves. No general ' 


methods for determining refraction effects are 
given here; however, such techniques for calcu- 
lating these effects are available ("Oceanograph- 
icalEngineering," R. L. Wiegel, see bibliog- 


The increase in height of a wave relative 
ra. 


to Its length (steepening) continues until the 
wave becomes unstable and breaks, unless the 
bottom slope is so shalJow that bottom friction 
dissipates the wave before it breaks. In shallow 
water without dissipation, steepening increases 
the wave height as the inverse fourth root of the 
water depth. Many types of waves become un- 
stable and break (or spill) when their height 
exceeds either 75 percent of the water df'pth 
(the Miche limit) or 14 percent of the wave 
length over deep water (the Michell limit) as de- 
scribed by Weigel (see bibliography),' 
'I UNDERWATER CRATERING II 


_ 
If an explosion occurs in or even close to 
a layer of water overlaying bottom material, a 
significant crater forms in the bottom material 
whenever the gaseous bubble or water cavity 
formed by the explosion contacts the bottom. 
An underwater crater is similar to an onshore 
crater forined by an explosion near the ground 
since both are characterized by a dish-shaped 
depression,wider than it is deep, and surround- 
ed by a lip raised above the undisturbed surface. 
In the case of most underwater craters, however, 
the observed ratio of crater radius to depth is 
larger and the lip height is smaller than for cra- 
ters from comparable bursts in similar bottom 
materials onshore. These differences are caused 
by water displaced by the explosion washing 
back over the crater. This flow increases the cra- 
ter radius by as much as 10 percent and de- 
creases the crater depth by as much as 30 per- 
cent. An exception to this generaJ rule occurs 
when the water layer is so shallow that the lip 
formed by the initiaJ cratering extends above the 
surface of the water. Such craters (termed "un- 
.n'"1 
2..aa... 


• 


... 


II 
washed craters") approach onshore craters in 
appearance, with higher lips and larger depth-to- 
radius ratios than washed craters. This section 
describes only the crater characteristics directly 
related to the explosion. The effects of tidal cur- 
rents and the collapse of unwashed crater lips by 
hydrostatic forces are not considered. 


"The characteristics of underwater craters 


c;::~ r:-e~icted at least qualitatively from the 
depth of burst, water depth. bottom composi- 
tion, and weapon yield. The use of e'mpirical 
curves relating the depth and radius of the crater 
for surface and bottom bursts over a clayey-sand 
bottom is described in Problem 2-36. Predictions 
for other bottom materials can be made by ap- 


plying tabulated factors to the values predicted 
for clayey sand, as described in Problem 2-36. It 
is evident that larger craters are produced by 
moving the charge toward the bottom; increas- 
ing the water depth above a bottom bunt (up to 
a point); or decreasing the water depth beneath 
a surface burst. 


_ 
A very large yield is required to fonn an 


un:ed crater in water having a depth that is 
common to most harbon. For example, with 30 
ft of water over clayey-sand, 4 Mt would be re- 
quired on the bottom to produce a dry crater 
lip. It is quite unlikely that materials, that tend 
to flow. such as oceanic ooze or flne-grained silt, 
could support t)'le hydrostlltic pressure exerted 
on a dry crater lip. 


.. 
Problem 2·28. 
Calculations of Underwater 
Explosion Phenomena 


II Calculations can be perfonned to deter- 


mine bubble characteristics described in para- 
graph 2-67. The characteristics include the maxi- 
mum radii, bubble periods, and migration be- 
tween maxima for. events to the end of the 
second bubble period. The calculation methods 
do not apply to cases where the bubble touches 
the bottom, and the methods contain uncertain- 
ties not yet fully resolved when the bubble 
center is very close to or above the surface. Fur- 
thermore. predictions that are made for events 
increasingly removed in time from the first 
maximum have increasing uncertainty. Two 
methods for calculating these bubble character- 
isLes are demonstrated in the example. The first 
method uses the equations given in paragraph 
2-67 and Figures 2-108 through 2-110. The sec- 
ond method uses equations introduced in the 
example and Figure 2·111. The first method is 
graphical and is less accurate than the second, 
but it provides a quick estimate. 
II Example - 
' 


Given: 32 kt= at a depth of 2,000 ft in 
very deep water. 
Find: 
a. The initial bubble period and radius, 
b. The depth of the second maximum 
radius, 
c. The second bubble period, 
d. The radius at second maximum, 
e. The depth of third maximum· radius, 
f. 
The third bubble period and radius at 


third maximum. 


Solution (Method J): 
a. Calculate the initial radius A 1 and the 
period T1 , by using equations given in paragraph 
2·67: 


Al 
Wl/3 
=J'- 


ZI/3 ' 


Al = (l ,500) ( 
(32)1/3 
) = 376 ft, 


(2,000 + 33 )1/3 


wl/3 
TI = K'-- 


Z5/6 ' 


T} = (SIS) (32)11l 
) = 2.86 sec. 


(2,033)S/6 


b. Find the reduced hydrostatic head: 


Zl 
2,033 


Al =""'3'76 = 5.41. 


From Figure 2-108, for n = I, 


~1 
~ 
= 0.28, 


~I = (0.28)(2,033) = 569 ft 
(migration during rust period), 


d2 = 2,000 - S69 = 1,431 ft.* 


c. From Figure 2-109, for n = 2. 


T2 ::: ;(0.90)(2.86) = 2.57 sec. 


d. From Figure 2-110, for n ::: 2, 


A2 = O.i7 Al = (0.77)(376) ::: 290 ft. 


, 


e. From Figure 2-108, usingZ1!A 1 =5.41 
and n = 2. 
' 


tlZ2 = 0.23 Zl = (0.23)(2,033) = 468 ft, 


d3 = 1,4,31 - 468 = ~63 ft. 


f. 
From Figure 2-109, for n = 3, 


T3 ,= (0.66)(2.86) = 1.89 sec. 


From Figure 2-110, for n = 3, 


A3 = 0.47 Al = (0.47)(376) = 177 ft. 


Solution (Method 2): This method uses 
Figure 2-111 to obtain values for bubble energy 
ratio, ',.I'Il.!I' and the foUowing reduced equa- 
tiOlll>; 
, 


a. By the same procedures used in Method 
1, 


AI = ,376 ft, 


. T1 = 2.86 sec. 


b. Using the f1l'St reduced equation given 
above, 


( ~l) = 
' (~)3f2 
Zl' 
3.5 
2,033 


~l = (0.277)(2,033) ::: 564. 


d2 = 2,000 - S64 ::: 1,436 ft. 


c.. The second bubble period T 1 can be 
obtained from the third reduced equation given 
above, and T) from (a) after fmding the energy 


II 
' 
ratio between the frrst and second bubbles. Us- 
ing the reduced migration 1lZ1/ZI = 0.277 to 
enter Figure 2-]11, the energy .ratio is '2/'1 = 


, 0.324. Thus, 


(~: H 
~:r (;:)". 


( T2 ') = (2,033¥/6 (0.324)1/3. 
, TI 
] ,469) 


= 0.90,'- 


T1 


T2 = (090)(2.86) = 2.57 sec. 


d, The radius of the second maximum is 
. obtained from the second reduced equation 
given above. 


(_ 
A 2) = (2,033)1/3 
A 1 
1,469 
(0.324)1/3, 


( AA21 ) = 0:765, 


A2 = 0.765 Al = (0.765)(376) = 288 ft. 


e. To calculate the depth of the third 
maximum. it is flISt necessary to find the reduc- 
ed migration 1lZ2/Z2. From the flISt reduced 
equation, 


( 1lZ2) = 
(~)l{2 (0.324)112 ( 2,033)2 
Z2 
3.5 
2,033 
1,469 
. 


( ~2 ) = 0.303, 


1lZ2 = 0.303 Z2 = (0.303)(1,469) = 445 ft, 


d 3 = 1,436 - 445 = 991 ft. 


f. 
From c., '2 /'1 = 0.324. lising the re- 


duced migration tlZ2/Z2 = 0.303 to enter Fig- 
ure 2-111, the energy ratio '3 /'2 = 0.158. 


( ;:) =(0.324)(0.158) = 0.05 f2. 


From the third reduced equation 


( 
T3 ) = (2.033 \S16 (0.0512)1/3 = 0.658, 
Tl 
1,024} 


T) = (0.658)(2.86) = 1.88 sec. 


III 


From the second reduced equation, 


I 


( A 3 ') = (2,033)113 (0.0512)113 = 0.467 
AI. 1,024 


A) = (0.467)(376) = 176 ft. 


Answer: 
a. The initial 


bubble, period 
and radius 


b. The depth of 
the second 
maximum radius 


Methnd J 
Method 2 
A I = 376 ft 
376 ft 
TJ = .2.86 sec 2.86 sec 


d 2 = 1,431 ft 
1,436 ft 


c. The second 
T'}. = 2.57 sec 2.57 sec 
bubble period 


d. The radius at 
A 2 = 290 ft 
288 ft 
second maximum 
e. The depth of 
d) ... 963 ft. 
991 ft 
third maximum 
radius 
f. The third 
bubble period 
and radius at, 
third maximum 


T) = 1.89 sec 1.88 sec 
A) = 177ft 
1 76ft 


_ 
Reliability.' The uncertainty in the 


va~for maximum radii calculated by the 
methods described above are about +20 percent 
and -35 percent, based on very limited informa- , 
tion. 
til Related Material: See paragraph 2-67. 
(; 
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Figure 2-108. II 


'. 
Reduced Nuclear Bubble Migration til 
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Figure 2-109. _ 
Successive Nuclear Bubble Period Ratios • 
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Successive Nuclear Maximum BUb~le Rad.ius Ratios II 
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Problem 2-29. 
Calculation of Shock Wave Parameters 
for Free Water (Deep Bursts) 


II Figures :;-112 through 2-116 show the 
parameters for the primary shock wave from an 
underwater explosion in free. isovelocity water 
(no reflections, no refractions). Figure 2-1 12 
shows the peak pressure as a function of slant 
range for various yields, where the peak pressure 
is lower than 3.000 psi, and as a function of 
reduced slant range (R/W 1 13) for peak pressures 
above 3.000 psi. Figure 2-113 shows the shock 
wave impulse as a function of slant range for 
various yields. while Figure 2-1 14 shows the 
shock wave energy flux as a function of slant 
range for the same yields. These latter two fam- 
ilies of curves show values of impulse and energy 
nux integrated to a time of 6.78. where 8 is the 
time constant for the shock wave. which is de- 
fined as the time for the shock wave pressure to. 
fall to approximate Iy 37 percent of its peak 
value. 


_ 
The time constant e is shown in Figure 


2- ~as a function of slant range for the same 
family of yields shown in Figures 2-113 and 
::;·114. Figure 2·1 16 shows a dimensionless 
pressure·time curve. USing values of 8 from Fig- 
ure 1-115 and values of Pm from Figure 2-112, 
Figure 2·116 may be used to construct the 
pressure·time shape of the shock wave in free 
water at various ranges from underwater explo- 
siWf various yields. 


_ 
Scaling. For. yields .. other than tpose 


shown in Figure 2-112 through 2·115. use linear 
in"er o:ation between appropriate cunes. 


Example _ 


Il'en: A 50 m'urst at a depth of 1,000 ft 
in deep water. 


Find. The peak shock pressure Pm' the 
shock wave impulse /, energy flux E. and time 
constant e at a 1,000 ft depth. 4,000 yd from 


the burst. 
Solution.: The desired shock wave param- 


eters can be read directly from Figures 2-1 1 ~ 
through 2·1 15. 
Answer: 


Pm 
~ 470 psi, 


/ ~ 28 psi-sec. 


E ~ 103 in.-lb/in.2, 


e ~ 50 msec·. 
II 
Reliability.' Values shown in Figures 


2" 112 through 2-1 15 are estimated to be accu- 
rate within tiO percent for shock pressure. and 
±20 percent for the other parameters for yields 
between I kt and I Mt. For yields below I kt or 
above 1 Mt, the values are more uncertain. The 
assumption of isovelocity water becomes in· 
creasingly uncertain for ranges beyond a few 
kiij'IO 
ards in the ocean. 


Related Material: 


ee paragraphs 2·68 through 2·7:';. 
Figures 2·112 through 1·115 are based on 
the following equations: 


( 


Wll3 )1.13 


Pm = 4.38 X 106 ~ psi 


( 
Will )0.91 


I (to 6.78) = 1.176 X 104 Wil3 R 
psi-sec: 


E (to 6.70) = 3.976 X 109 Will ~ In.-Ib 


( 


1/3)2.04. 


R 
in.2 


II 


'( 1113).0.22 
e = 2.274 Wl!3, 
k R 
msec. 


The values of these parameters are re- 


lated to those for TNT (Cole, 1948) by an a~ 


proximate equivalence factor. Snay and Butler 
(1957) (see bibliography) report that an under- 
water nuclear burst with a radiochemical yield 
of I kt gives approximately the same shock wave 
parameters at the same distance as a TNT charge 
weighing 0.67 kiloton (where 1 ton"" 2,000 Ibs). 
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Figure 2-113. II Shock Wave Impulse vs Slant Range in 
Free lsovelocity Water • 
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Figure 2-114. til Shock Wave Energy Flux vs Slant Range 
. in Free Isovelocity Water • 
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Figure 2-115.11 Shock Wave Time Constant in Free IlOYelocity 


Water vs Slant Range • 
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Shock Waves from Nuclear Expl.osion _ 
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Problem 2·30. 


i 
Calculation of Shock Wave Parameters for Reduced Water 
Depths, ~w1W1/3 <; 2,000 ft/kt 1/3 


• 
Figures 2~ 1 ) 7 through 2-120 show the 
influence o~ surface and bottom reflection on 
the primary shock wave. The curves are drawn 
through valiles of peak pressure and impulse at 
mid-depth both for explosions at mid-deptb 
(Figures 2·117. and 2·118) and at the bottom 
(Figures 2· ]'19 and 2-'120). The solid curves indio 
cate the approximate coverage of the data. As 
the water depth approaches 7,ero the dashed 
curves approach the values for air blast at 
ground level. Transition to .the free-water shock 


__ .parameters (Figures 2·JJ2 through 2-)J6) 


occurs as the water depth increases. In the 
anomalous region near the water surface, the reo 
fleeted tension waves lead to a sharp reduction 


~sure and impulse (Figure 2·94). 


The curves in Figures 2-117 through 
derived mainly from H.E. data; how- 


ever, they were sPifted to agree with nuclear 
data for the limit of free isovelocity water. In 
most· instances, the shift (or conversion factor) 
was in agreement with the factors determined 
separately for converting from RE. to nuclear 


r1:\tl'l in deet) water. Most of the data were ob- 
tained for the mid·depth location of both the 
charge and the pressure gauges. All of the curves 
pertain to either a 
1 sand or an ordinary sand 
bottom material 


made over concrete, sand, and clayey-silt 
bottoms to assess the effects of shock reflection 


I 
from varion!' bottom materials. Measurements 
were made within 48 ft from J O-Ib TNT charges 


3L-S 
2-'MQ. 


in 20 ft of water. Both the charge and gauges 
were placed deeper than mid-depth to minimize 


• 


effects of surface reflection. 
Briefly, the foDowing effects were ob- 
. 
e 
or the shock strength, impulse, and ener- 


gy flux as compared with values at the same 
range in free water. Near the bottom and away 
from the charge, the pressure fronts of the inci- 
dent and reflected shocks were nearly equal. 
Near the charge and away from the bottom, the 


reflect~d shock was about one-fifth as strong as 
the incident shock. The impulse of the shock 
wave increased as much as 100' percent near the 
charge over concrete, but there was little change 
at the greatest range from the charge. The im- 
pulse increased near the charge but decreased 
further away from it overclayey-silt and sand. 
The increase was as much as 40 percent over silt 
and 20 percent over sand. Thedecrease was as 
much as SO percent over silt and 30 percent over 
sand. The observed changes in energy flux were 
roughly comparable with those for impulse, al- 
though the energy decreased as much as 30 per- 


~om 
the charge over concrete. 
~ 
The shock wave duration T in milli- 


seconds can be approximated with 


K1 
T=- 


Pm 


K ~ 1.8 + 0.0021 (dw rWlll) 


for 2,000 > (dw IWI(3) > 100 


K ~ 3.0 - 0.01 (dwIWl/3) 


for (d",IWl/3) < 100 


where 


d w = water depth (ft) 


J = shock wave impulse (psi-msec) 


Pm = peak shock pressure (psi). 


The shock wave energy flux for an 


exp 
t a reduced depth of approximately 


::50 fl((kn l ,' 3. is related to the shock wave im- 
pulse l. and peak pressure by 


and a t reduced depths equaJ to or greater than 
2,000 fr/(kr)l!3 by 


E2.000 
<:l:; 9.0 x !O-5p~J in.-lb/in.2. 


For intermediate depths, a linear interpolation 
between the two values can be adopted. 


_ 
The following approximations .can 


~stimate 
the shock parameters at van- 


ous gauge depths when the charge is at mid- 
depth, when 250 < R/W! 13 <2.500 and when 
70 <d /W li3 < 200. 
w 


Gauge Depth 
Warer Depth 


3/4 to I 


1/4 


. Fractton o[ Value 


at Mid-Depth 
r 


9 for peak pressure 


0.8 for impulse 
0.7 for energy impulse 
r 


for peak pressure 


0.7 for impulse 


0.6 for energy flux 


o 
Use air blast loading 


Example _ 
. 
Given:· A 1· Mt explosion at a depU 
2,500 ft in water having a depth of 5,000 ft. 
Find: The peak pressure, the impulse. 
shock wave duration, and the energy flux 
depth of 2,500 ft and a horizontal rangl 
20,000 ft. 


Solution: The reduced water depth is 


d w 
5,000 
-= 
= SOD ft. 


WI13 
(l,000)"3 


The reduce.d burst depth is 


db 
2,500 
-- :: 
= 250 ft. 


Wl/3 
(J ,000)113 


The reduced range is 


R 
20.000 
-. -::: 
= 1.000 ft. 
Wl/3 
(1 ,000)1!3 


Since the explosion is at mid-depth, Fig 
2- 11 7 and 2·118 app!y. From Figure· 2-117, 
peak pressure is 


Pm = 700 psi. 


From Figure 2·1 18, the reduced positive imp 
is 


= 9,000 psi-msec/(kt)1I3. 


·Since 2,000> (dv.,/Wl/3) > 100, the shock ~ 
duration equations give 
K = 1.8 + 0.0021 (dw /WI/3) 


- 
K = '1.8 + (0.002 J )(500) = 2.85 


Answer: The peak pressure is 


I 


Pm = 700 psi. 


The positive impulse is 


I = (9,OOO)(W I/3 ) = 90,000 psi-msec 


The shock wave duration is 


T = KI = (2.85)(9 x 104) = 366 msec. 
Pm 
700 


The shock wave energy flux is 


£250 = (1.2 X lQ-4 )(700)(9 x l~) 


= 7.6 X 103 in. Ib/in.2 • 
..... R eJilJbility: Peak pressures obtained 
~igUres 2-117 and 2-119 are estimated to 
be reliable within about 130 percent. Impulses 
obtained from Figures 2·118 and 2-120, and en- 
ergy fluxes are estimated to be reliable to within 
ab§uli50 percent. 


Reltzted MateriIJ/: See paragraphs 2·68 


through 2-72. 
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Reduced Positive Impulse of Shock Wave vs Reduced Water 
Depth. 
ExplOSion and Gauges at Mid-Depth, 11 
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Figure 2-11,9.tIII Peak Shock Pressure vs Reduced Water Depth. 
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Reduced Positive Impulse liS Reduced Water Depth, 


Explosion on Bottom, Gauges at Mid-Depth, • 
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Problem 2-31. 
Calculation of, Peak Overpressure Along the Water Surface 
as a Function of Underwater Burst Depth 


• 
Fi!!ure ~-l~l shows the relations to ob- 
tai~ max·lmum aIr blast overpressure from a 
scaled underwater explosion as a function of 
depth of burst and horizontal distance. The air 
blast is for an altitude just above the surface of 
the water. To detennine the air j:llast at other 
altitudes. see the references listed in paragraph 


"l_ 7" 
. 
, 


_ 
£.~ample II 
~ 
A 10 kt explo~ion at a depth of 500 


ft in deep water. 
Find,' 
a. The horizontal distance at which a 0.5 


PSI peak air blast overpressure would be pre- 
dicted. 
b. The upper and lower limits of the range 
for item a, that would cover the estimated accu- 
racy. 
Solution' The reduced depth of burst is 


500 
= -- = 132 ft/(kt)If), 
(10)113 
/ 


From Figure 2-121, the intersection of the 0.5 
psi curve with a reduced depth of 232 ft/(kt)I 13 
occurs at a reduced horizontal distance of 0.7 
kft /(k t)I /3 . 


Answer:' 
a. The predicted horizontal distance at 
which 0.5 psi will occur is 


d :: 0.7 Wl/3 = (0.9)(10)1/3 


d ::: 1.50 kilofeet = 1.500 feet. 


b. The estimated accuracy in predicting 
the distance for a given overpressure is ±30 per- 
cent (see "Reliability" below). Thus, the limits 
are 


,d = 1,500 x 1.3 = 1,950 ft (upper limit). 


d = 1,500 x 0.7 = 1,050 ft (lower limit). 


_ 
Reliability: The accuracy of the relation 
in Figure 2-121 has not been tested rigorously. 
The relations provide an approximation based 
on high-explosive underwater tests and con finn- 
ed by a few measurements made at nuclear 
underwater tests. However, it is felt that ±30, 
,percent in predicting the distances for maximum 
overpressure is a realistic accuracy estimate. 
• 
Related Material: See paragraph 2-12. 
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from Underwater Nuclear Explosions _ 
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Problem 2·32. 
Calculation of the Extent. Initial Vertical Velocity, 
and Approximate Height of the Spray Dome 


_The maximum extent of the spray 
~e 
estimated ",,:ith the followin,g rela- 


tions. which are valid for reduced depths of 
burst as large as: 


o 
= 85.3 - 0.021 '(db/WI/3) 
rna, 


where {as shown in the following sketch), 


Initial spray velocities can' be calcu- 


where at a point on the surface. 


P rn = peak shock pressure (psi). 


U = shock front propaga~ion velocity (ft/sec), 


Vo = initial spray velocity (ft/sec.) 


r$d =, the horizontal extent of the spray dome _ 
Values of Pm are given in. Figure 2·112, 
(ft), 
Values of U are given in Figure 2·] 22 as a func- 
tion of Pm' In practice. the presence of the 


6 = the spray dome ·lIngle. the angle between 
bottom does not appear to have an innuence 
a vertical line'passing through the center 
upon the value for the spray v~locity. However, 
of the burst ,~nd a line passing through 
for bursts on the bottom. the yield should be 
the point. of interest on the surface and 
doubled (as an upper limit estimate) when calcu- 
the center of the burst (degrees), 
~pray 
velocities, 
, 
~ 
Higher velocities than given by the above 
db := the burst depth (ft). 
~'equatlon have been observed for deep bursts,· 


h' = the weapon yield O(t)~ 


therefore a 50 percent safety factor should be 
added to calculate values of initial dome ve- 


"'t wil 
0eit ,. 
II = maximum spray dome height (ft). 
An upper limit of dome height h can be 


_l-krsd 


-- 
II 
I 
-- 


1 e from' 
.' 
, 


where 


h = V t - 
(j)t 2 
o 


I = time (sec), 


f = retardation factor (ft/secl ), 


.ChOPPY sea, together with "Taylor instability" a,ppear to 
account qualitatively ror this observation. 


I 


~ , 
I 
I 1 


assuming ,that gravity is the only retarding 
force and, therefore, that f = 16 ft/sec2 • The 
time that the upper limit height is reached can 
be determined that the rust derivative of h with 
respect to time (that is, dome velocity) = zero at 
that time. Therefore, 
dh 
dl = 0 = V 0 
- 
2 (j)t 


n.C;:'W.OI:UI)': Spray dome ansJes are 
be reliable to within :t) 0 percent 


for db /Wl /3 < 1.260 ft/(kt) I 13 • Initial vertical 
velocities that are calculated by the equations 
given above might be low by as much as SO per· 
cent, therefore, a safety factor is included in the 
method. The retardation factor f is taken to be 
16 ft/sec2 to obtain an upper limit for dome 
,height. ActuaJ retardation factors as large as 30 
ftlseCZ have been observed during nuclear tests. 
'. 
RelDted MQterlai: See paragraph 2·73. 
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Problem 2·33. 
Calculation of Plume, Column, 
and Cauliflower Formation 


_ 
Figure 2-123 shows reduced plume di- 


mensions as a function of reduced time for very 
deep and deep explosions. Figure 2-124 shows 
reduced plume dimensions for shallow bursts 
anJ cloud .1imenl>ions. The criteria for determin- 
ing the explosion categories as a function of 
depth of burst and weapon yield are given in 
Figure 2·105 and Table 2·8. The accuracy of the 
predictions obtained from Figures 2·123 and 
2-124 has not been established fmn1y because of 
the limited number of nuclear tests upon which 
tiIII 


d. 
_ 
. 
Example 


IvelL 'A 10 kt explosion at a depth of 500 


ftin deepwater. 


Find: The plume radius and plume height 
IS seconds after the explosion. 


Solution: 


240 WI!4 
427 ft 


700 WI/4 = 1,245 ft. 


Since 240 Wl/4 < db < 700 Wl/4 , this is a deep 


UUI::'L. -;-;'''' .I<.; ... ....:;~ time is 


2'0 
2!25i 


t 


WI/3 


IS 
= 
s:t: 
(JO)1/3 . 
7 sec/(kt)1I3 . 


From Figure 2·] 23, the reduced plume height is 
about 800 ft/(kt)J 13. and the reduced plume 
radius IS about 700ft/(kt)1/3. 
Answer: 


Plume height ~ 800 Wl/3 ~ (800)(10)1/3 


== 1,700 rt, 


Plume radius ~ 700 WI/3 ~ (700)(10)1/3 


~ 1,SOO f1. 
~ 
Reliability: The curves in Figures 2·123 


and 2·124 are estimated to be reliable to within 
±30 percent. For safety considerations, multiply 
the radius and the height by 1.3. For assurance 
of damage, multiply the values obtained from 
tRe 
fi ures by 0.7. 
RelluedMaterial: See "SURFACE EF- 


F 
OTHER THAN W A YES," in particular 
paragraph 2·74. See also Table 2·8 and Figure 
2·105. 
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Figure 2-123 .• 
Plume Dimensions 'for Deep and Very Deep Underwater Bursts II 
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Problem 2-34. 
Calculation of Base Surge Growth 
and Cloud. Height 


The reduced outside radius of vari· 


surge clouds is shown in Figures 2-126 
2-127 as a function of reduced time after 
burst. Figure 2-] 26 shows a curve that is applic- 
able to shallow and very shallow bursts, wttile 
Figure 2-127 shows separate curves for deep and 


Burst 


Classiflca tlon 


Very shallow 


Shallow 


Deep and ver) 
,deep 


Reduced 
Radius. RSl 
(DimenslOruess) 


R/Dmax 


R/Dma\ 


,RiA 
sma' 


Reduced 
TlJlle, t.p 
(sec!:l\" ) 


I ID 
)1,'2 
5 
rna, 


ts(Dma,) 112 


t(A 
·)1/2 
s 
max 


very deep bursts (see Tabie 2·8 and Figure 2-) 05 
for burst depth categories). Equations that relate 
the reduced radii and times to actual radii and 
times for various explosion conditions are shown 
below: 


Equatlon for 
Estimated" 


Dmax (ft), or Amax 


Dmax 
710 w113 • 


Dmax 
377 WI13 (db/WIf3)116 


Amax = 1,50.0 (W/Z)I/3 


Applicable 


Figure 


2-125 


2-125 


2-126 


• 
'T he equation D .ax = 710 Wl/3 IS valid for very shallow explosions off the bottom. The equation 
D 
= 377 WliJ (db/W1!J\1/6 is valid for very shallow and shallow explosions on a bottom, 
rna, 


ZI~ 
2--' . 


W = yield of the weapon (kt) 


Rs 
= radiu:. of the base surge (ft) 


I 
Is = time after explosion (sec) 


~ 
". ~epth of the explosion (ft) 
~b 


75' Wl/3 = (75)(40)1/3 = 256 ft, 


therefore, a 40 kt explosion ata depth of 200 
feet is a very shallow explosion. From the rela- 
tions given above (since the burst was not de- 
scribed as being on the bottom) 


Dmax = 710 WIl3 = (710)(40)1/3 = 2,430 ft, 


Z 
=: db i + 33 = total hydrostatic pressure at 
and 


db: (ft of water) 
= estimated maximum column radius (ft) 


_._:frnax :; 'estimated maximum bubble radius (ft). 


_ 
Fig~re 2-125 ~as developed to approxi- 
. 
mate the height of the visible base surge for use 
with radiation exposure calculations. The curve 
in Figure 2·.125 was drawn under the assumption 
that the height is not a function .of yield or 
depth of burst. This assumption probably is not 
correct, but there is not sufficient information 


~ate 
these parameters. 


~Example (U): 


Givell: A 40 kt explosion at a depth of 200 


leet. 
Find:. 
a. The base surge radius R s • 
b. The height of the visible cloud he 10 


minutes after burst. 


Solution' Refer to Table 2-8: 


21 Wl(3 = (21)(40)1/3 = 72 ft, 


Is 
600 
Ig = --..,...-- :::: ---- 
(D . )1/2 
(2,430)1/2 
max. 


z 12.2 sec. 


From Figure 2-126, the reduced base surge 
radius is about 7. 
Answer: 
a. 
Rs ==: Rsr x Dmax = (7)(2,430) 


R, ==: 17,000 f1. 


b. From Figure 2-125, the height of the 
base surge cloud is 


h 
~ 2,000 ft. 
c 


ReliabilitJ.': Base surge radii obtained 
2-125 and 2-126 are estimated to 
be reliable to within ±20 percent. No estimate 
can be made of the reliability of the height of 
the base surge cloud obtained from Figure 


• 
Related Materio.l: See paragraph 2-75. 


See also Table 2-8 and Figure 2-105. 
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Figure 2-127. 
Reduced Base Surge Radius vs Reduced Time 
lor Deep and Very Deep Bursts _ 
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Problem 2·35. 
Calculation of the Properties of 
Water Surface Waves 


-igUre 2·128 shows the peak wave 
~to 
trough) for any depth of burst in 
shallow water (for waves, shallow water is 0 < 
d w < 100 k,1l/4, see paragraph 2-77), and for 
any depth of burst not greater than five times 
the lower cri,tical depth (0 < db 15 <; 170 Wl/4 • 
see paragraph 2-77) in deep water (for wavesdw 
~ 256 Wl/4). The dashed transitional curve in 
Figure 2·128 can be used for intennediate 
depths. For any depth of burst in shallow water, 
and for bursts as low as the lower critical depth 
(db = 170 WI/4) in deep water, the foregOing 
limits on water depth are also the estimated 


-cavity radii as shown.in Figure 2-128. For nu· 


clear explosions in deep water at shallow depths 
of burst near the upper critical depth (db =:i 8.6 
W1/ 3 ), the peak wave height may be nearly 
twice as large as predicted' in Figure 2-128 (see 


2·107). 


• 
~ ·of 
_ 
~.~ 


. 
. 


1. Deep water. 
a. The cavity radius pnby the equation 


• 
in paragraph 2·77 agrees within 
cent with the measured values 
2·10 for the H.E. tests at Mono 


wave height given in Figure 


2·128 and the equation in paragraph 2·77 agrees 
with the me 
. data within a factor of 


, 
'.~ I 
' 


a. The cavity radius given by the equation 
in paragraph 2·77 (and Figure 2·128) provides a 
lower limit for explo'sions in shallow water. An 
upper limit is probably half the maximum bub· 
ble radius given by the equation in paragraph 
2·67. 


b. The peak wave height given by the 
equation in paragraph 2-77 (and in Figure 
2·128) agrees with the measured values within 
about a factor of 2, 
of the 


Related Material: See paragraphs 2·67 


77. See also Tables 2·9 and 2-10. 
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Problem 2·36. 
Calculation of Underwater Crater Dimensions 


• 
Figures 2- t 29 through 2- 131 show the 
a pparen t era ter radius, the apparen t crater 
depth. and the average height of the crater. lip, 
respectively, as a function of weapon yield. Fig- 
ures 2·129a, 2-130a, and 2-131 a are for surface 
bursts. Figures 2-129b, 2-130b, and 2-131 b are 
for bursts near a clayey sand bottom. Linear 
interpolation between the curves may be used 
between the surface and the bottom. 
The curves in Figures 2-129 through 


. were developed from nuclear cratering 


data; however, H.E. data were used to obtain 
scaling laws and the shape of the curves for bot- 
tom placement. Data from about 600 H.E. and 
.uclear explosions were used in the prepara- 
tion of the c 
Table. 2-1 I 


The critical water depth dividing washed 


IWlI,cnp'n craters can be found rrom Figure 
2-132 for a clayey-sand bottom. An unwashed 
crater results when the water depth is less than 
the minimum height of the irregular cavity lip 
and when the lip does not fail. For other bottom 
materials, the critical water depth can be found 
by multiplying the value of de by the appro- 
priate soil factor for crater lip height in Table 


Example _ 


: A 40 kt e~sion on the bottom, 
which consists of oceanic ooze, in 60 feet of 
water. 
Find: The ndius, depth, and lip height of 
the apparent enter. 


Solution.: From Figures 2-129, 2·130, and 
2-131, the crater dimensions in clayey sand are 
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Table 2-12 .• 
Soil Factors for Cratering in 
Various Materials as C~ed 
with Giayey Sand _ 


Soil Factors 


Crater 
Crater 
Crater Lip. 


Material . 
Radius 
Depth 
Height· 


Clayey sand 
1.0 
1.0 
1.0 


Sand 
1.] 
0.8 
0.7 


Loess 
0.9 
1.3 
1.2 


Muck" 
1.5 
0.5 
0.4 


Clayey slit 
1.1 
I.l 
1.0 


Coral sand 
0.9 
0.8 
0.7 


Cia: 
09 
1.4 
1.3 


Soft rock 
0.8 
0.6' 
0.6 


Hard rock'" 
0.6 
0.4 
0.4 


Oceanic ooze'" 
J.7 
0.2 
0.1 


·aSOi! Factors estimated or Interpolated from the 
others based on experimental data. 


radius, rae 
"'" '750 ft, 


depth. dac 
~ 4~ ft, 


lip height, h£ "'" 1.7 ft. 


Answer: The corresponding dimensions for 
oceanic ooze are (Table 2·12) 


'. rac "'" (1.7)(750) "'" 1,275 ft, 


dae "'" (0.2)(42) "'" 8 ft, 


h2 ==(0.1)(1.7) "'" 0.2. ft. 


ensions from these curves are can- 


have the foUowing reliabilities: 


radius 
+ 1500/0-50% 


. depth 
'+150%-50% 


lip height + 1600/0-60% 


The accuracy of the soil factors shown in Table 
2-12 is unknown. 
' 
• 
Related Material: See "UNDERWATER 
CRATERING," page 2-223. 
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Figure 2-129.11 Apparent Crater Rlldius lIS a Function of Yield for V.ious 


Water Depths Over a Clayey Sand Bonom. where d. • Water Depth in Feet. 
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Figure 2-131, • 
Average Height of Crater Lip as a Function of Yield for V.ious Water 
Depths with the Charge Near a Clayey Sand Bonom, where dw • Water 
Depth in Feet, 
Shaded Areas Denote Possible Transition 
Regions from Crater for dw ., 20, 40, end 50, • 
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Figure 2-132 ..• Estimated Critical Water Depth as a Function 
of Y,eld for a Clayey Sand Bottom • 
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THERMAL RADIATION PHENOMENA_ 
II Within a few seconds after the explosion 


a typical Jow altitude nuclear fireball emits 
about a third of the weapon yield as infrared. 


~sible. and u1tra~olet radiation (see F'JBUI1' 4-1). 
This sudden pulse of thermal enelJY may d.am- 
age any target that is susceptible to high temper- 
atures. The damage may take many fonns, but 
the effects that are most frequently of ct"'lcem 
are f"ues that start as the .result of ignition of 
thin combUstible materials (e.g., pc 
r or dric::d 
leaves) and injuries to personnel, in the form of 


biilil The thermal pulse decays as the fireball 
faP.'but there is no specific time that marks 
the end of the thermal radiaticn from the fire- 
ball. At late times, as the radioactive cloud rises, 
the heated air in the nuclear 'cloud still radiates 
some thermal energy; however, this radiant 
energy is released so slowly that it has little mili- 
tary importance. Therefore, in this chapter. the 
terms .. thermal radiation phenomena.. .. ""thermal 
effeas," and ""thermal pulse" only pertain to 


...; .... iJUrtion of the radiated enelJY that could be 
termed the "prompt thermal pulse." 
_ 
This restriction in the meanings of terms 
sucFas "thermal effects" excludes a number of 
nuclear burst phenomena that are thenD8I in the 
broader sense. For example. fireball rise is a 
thermal effect; the &rebID is buoyant for the 
same reason that a hot-air baBoon is buoyant. 
Another effect that properly coula be termed 
thermal is the rad.iation of X-ray eDClJY by the 
nuclear source. The X-ray energy is the thermal 
radiation that is charaCteristic of an extremely 
high temperature source (see Chapter 4). In 
many situations, e.g., low altitude bursts, this 


radiation has no direct effect on targets, because 
it is absorbed by air close to the source. In other 
situations, notably aerospace vehicles exposed to 
high altitude uetonations, this X-n.y energy be- 
comes one of the most important direct damage 
mechanisms. This damage mecltanism is dis- 
cussed in Section V, Chapter 9. 
.~ 
RADIANT EXPOSU8E • 
Four variables determine the effeas of 
the 
ermal pulse 011 a target: 
• The amount of ellCrsY that is incident on 
the target. 
• The time history of the thermal pulse. 
• The spectral distribution of the radiant 


enClJY. 
• The directional characteristics of the inci- 
dent radiation, e.g., does it come directly 
from the source, or .is it scattered and 
therefore a:aives from many directiODS. 


In most cases of military interest the first of the 
variables is -dominant. A careful analysis c:3nnot 
isnore the other three, but a pniJiminary evalua- 
tion of a thermal environment, for example, a 
calculation to determine whether a thermal 
problem exists, often can be based on the total 


rec:eivcd. 
a;I The COClJY delivered by the thermal 
pJllusually is specified in-terms of radianr ex- 
Posure. the CDCl'IY per unit area incident on the 
target surface. It is denoted by the symbol Q 
and is conventiontDy measured in units of 
calories per square centimeter (eal/cm2 ). The 
factors that affect the radiant exposure &Ie dis- 
cussed sepantely in the f'oDowing paragraphs. 
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3-1 
1'hemIaI P8rtition _ 


• 
The ratio of the thermal energy radiated 


by the fucball of a nuclear explosion to the total 
yield is thermol partition (sometimes called ther- 
mal e/fldency), denoted by the symbol f. For 
burst altitudes below 100,000 feet and yields 
between 1 kt and 10 Mt, valuesofthennal parti-. 
tion may be determined from Figure 3-1. For 
higher burst altirudes. thermal partition must be 
determined by the method described in para- 
graph 3-19. If the burst is below 180WO·4 feet 
(where W is the yield in kilotons), it is classed as 
a surface burst and the thermal partition should 
be determin~d by the method described in para- 
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Problem 3-1. Calculation of TIwnnII '-tition 
.... 
I:"'JgUIe 30-1 contains a fmiwy of curves 
~v.: the thermal partition as a function orr 
yield and height of bmst. The data in F'JgUIe 30-1 
apply to yields between 1 kt and 10 Mt and to 
bmst altitudes from 180..,0·4 feet (where W is 
_~~kt)t~feet. 
~~OP'xplosion at an altit".J.de of 


39,000 feet. 
Fmd: The thermal energy that is radiated. 
So3JWIUti 
n: From FIgUre 30-1, the thenna! 
partition· 


, 
A 
. 
e thermal eneqy radiated is 


RellabililY II 
The sbapes of the contour Jines in F'JI- 
me 
the precision with which waes may 


..... -,,1 from these lines sugest c:Iearly estab- 
lished relations between. yield, altitude, and ther- 
mal partition; however, the contour lines were 
obtained by fittins curYflS to the results of c0m- 
puter code calculations. AlthoUlh JD8Il)" aspects 
of the computed JeSUIts have been complIed to 
experimental data. and the com.pa.tisons were 
favorable, the tIlc:r:Dm .-nmolll tbat the code 
predicts haft DOt been amfir.med definitely • 


t.1titYdes ad biaher 
disculsed in pu:qnph 3-19; data tor 


surface bunts ... desc:a'"bed in paragraph 3-9, 
aDd data for spec::iIl types of weapons are de- 
scn"bed in panaraph 3-17. 
~ed 
irIJItIJrfIIl: See puqraph 30-1. See 
~phs3-9md3-19. 
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3-2 H-.~. 
• 
As the thermal energy propagates away 
frOm the fireball, the divergence that results 
nom the increasin& area tbroush which it passes 
causes the radiant exposure to decrease as the 
inverse square of the slant range. At a slant range 
R centimeters from the source. the tliermat 
energy is distr::1Juted owr a spherical area of 
47rR2. Since the thermal yield in calories is 1012 
wr. where W is the yield in kilotons, the radi- 
ant exposure at a distance R an in a dear atmo- 
sphere is 


Q = l012WI callan". 
4w;R" 
II 
Kilofeet and kilometers are more con- 
wnient units than centimeters for measuring the 
range from a nudear burst. Appropriate conver- 
sion factors change the fonn of the equation to 


Q = 100 WI = 7.96 WI/R2 
callan", 
421'R~ 
Ita 


Q = 85. 7 WIIR~ CalIan2 , 


where Rkm and R tft are slant IB1lFS in kilo- 
meters and kilofeet. respectively • 


• 
TRANSMITTANCE .. 
" 
_The equations p'esented above iFored 
the attenuation by the IItIIloIpIwe that would 
affect the thermal eIleqy received by a taraet. In 
many cases, puticuIIrIy whe.n the air is dear and 
the range is abort, atmospheric attenuation is 
not importaDL 111 otber situations. scattering 
and absorption of thermal enersY by the atmo- 
sphere can reduce the amount of thermal eneqy 
reachinB the target significantly. 


lIP In addition to atmospheric attenuation • 
other effects" also must be considered. A cloud 


. layer above a fireball can scatter radiation down- 
ward and can increase the thenual energy that 
reaches the ground. It the ground also is highly 
reflecting, e.... if the a:round is covered by a 
layer of snow. further enhancement of the ther- 
mal radiation may result. 
.. 
AD of these effects are approximated by 


on:?'actor. the traDsmittance T. Transmittance 
is the ratio of the radiant exposure at a target 
facins the fireball to the radiant exposure that 
the ta.rBet would receive if the intemminS atmo- 
sp~ere perfectly transparent. 
_ 
Adding the transmittance factor to the 


equations given in pa,rqraph 3-2 &i'v'es 


Q ., 7.96 Wp ca1/ 
2 
2 
em • 
Rita 


and 


Q c 8S.7 Wp caI/ 
'1. 
" 
em • 
Rkft 


The c:orrespondinl expressions for slant range in 
terms of yieid and traDsmittaDce met 


Rbi .. 2.82 ..JWP/~ 


~ 
= 9.26 ...jWPIQ. 


3-3 Specific8tion of T .... 
lIIIlIC8 • 
• 
A difficult task in applyina tnnsmit- 


tance data to a thermal problem is deciding 
which model at:mospbeJe to use. Vllious modd 
"'0. tIIotoIa ...... 1Ia12 ..... (lie NIt 1-1). 
_AI'II.,i 
' ... dIet-• ..,.. 
t 
.. eat ......... 
..,. COII:IIICt If' II iI.--d IIIIt GIl ..... PI'lfiIiaG.f. 1/3, 
.... die h 
I" 
•• T. LO,..1111 GIl adIa! apIIIaIIt 81 
___ mile illIIoat Q·l"'~" tL 
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!fospheres are ideDtified in terms of param- 
etas that can be DleISUred without special in- 
struments. The 6Dt of these is 'Visua1 range, a 
parameter that indicates the lisht transmission 
properties of the layer of air near the surface. A 
seCond is the appearance of the sky. which caD 
be used to indicate the amount of haze or fog • 
that thermal mdiation from a bish altitude burst 
mEtrate to reach a tuFt at the surface. 
Although transmittance can be calcu- 
W 
tween any two points in space. a Jarae 
number of thermal problems involve around tar- 
gets. The mateJial presented in this paragr:aph , 
bas been developed pimarily to calculate trans- 
mittance between the point of' burst and a tarpt 
on the ground. These methods may be extended 
to calculate transmittance to airbome 't81'Iets. 


. _ Jut the validity; or" such calculations bas not 


been c:hedted as c:arefuDy as has the validity or 
transmittance calculatiol'lS for ground targets. 
_ 
Whether or not a particular transmit- 
tanYcalcu1ation is useful depends on the natu:n: 
of the problem. If the burst is a Specmc test. the 
weather at the particular time can be deter· 
mined. and appropriate tmDsmittances can be 
assipted. If the burst involves a hypothetical 
attack at some unknown date. a :reliable predic- 
tion of the 1:!ans:mittance. and. as • result, the 
extent of the thermal dam,. from a partic:U1ar 
_"!,,1-;,,,,". ;os impossl"'ble. The atmosphere could 
be clear or follY; IiIht combmtib1es such as 
leaves or paper could be wet or dry. Yield and 
position of the weapon me unknown and can 
Jl' estimated. 
" 
Two types of problems poYide anSWers 
sufficiently reliable to be useful. A c:aI- 
culation intended to be c:o:tiIIIIiatiie from the 
point of 'riew of tbI clafease iDdic:ates the level 
of damage that ID ex.pIoIion could inflict on a 
day when the air is dear IIDd. the JiOUIld is fJry. 
This type of calculation is ~ul tor desipatina 
safe areas or desiping defense systems. Useful 
:.~ also can be obtained in tactical situa- 


l , 


Dons. 'Be m9limum intercept altitude of a • 
fensiYe missile might be lowered on a {ouy day, 
and ,an attack:iD& foree miaht use current 
weather conditions to' detcnniDe whether their 
weapon would produce significant thermal da.m- 
age or whether they must rely primarily on 
other effects. 


34 Modef Atmospheres • 


- 
Tho typical cloudless atmosphere has a 


baze~yer near the surface. Often this haze layer 
is relatively uniform. with a sharply dermed 
upper boundary; wben cumulus clouds are pres- 
ent, the bases of these douds may mark the top 
ofJii haze layer. 
_ 
At higher altitudes, the air usuaDy is 


dearer, and, in the absence of clouds, about 80 
percent of the attenuation of mdiation from a 
high altiwde source occurs at altitudes below 3 
miles. The low clc:nsity air several miles above 
the surface offets almost no interference to radi- 
ation in the visI."'ble and infrared resions of the 
~. 
_ 
A set of doudless model atmospheres 
pro~ an approximate representation of the 
optical properties of real atmospheres. These 
models only represent the atmosphere in a gen. 


. era! way. but they form a basis for transmittance 
calculations. 1'hcy haw the advantqe that selec- 
tion of the appropriate model is based on the 
simple c:riterion of daytime Yisual range. 'Be 
model atmospheres are cloudless; couection fac- 
tors introduced into the tnmsmittance calc:ala- 
'dons account for tho effects of clouds. These 
'model atmospheres and the empirical equations 
that are used with them live zeasonably accurate 
estimates of transmittance if the transmittance is 
abowabout 0.1. 
• 
Oment reports consiatently use 'Visl"bD- 


ity~hich is caned "tisual mnae" in this chap- 
ter. as one means for c:IIIIif'yiq model atzao.. 
spheres; however. no standard definition of 
'Visibility is adopted consistently_ The atmo- 


o 


) 


( 


( 


.. 


• 
sphere desc::nDed in this chapter IS having a 
containing aU wavelengths in the visible spec- 
trum. which .extends from 0.38 to 0.78 p... The 
visual range of 16 miles would be assigned a 
vm"bility of 12 miles by at least one author and a 
11' 
'ty of 24 miles by some others. 


The extent to which the atmosphere 
impe es the flow of thermal energy and limits 
'Visibility depends largely on the amount of scat- 
tering of radiant energy by atmospheric parti- 
cles. Absorption of eneqy also affects radiative 
transpon, but absorption usually is less impor-, 


. infrared spectrum consists of radiant energy at 


wavelengths longer than 0.78 II. and the ultra- 
violet spectrum consists of radiant energy· at 
walengths shorter than 0.38 II- 
The energy transport properties of atma- 


sp enc particles may be expressed in terms of 
scattering and absorption cross sections, which 
are fictitious areas that are a measure of the 
probability that scattering or absorption will 
occur. Particles that are small compared to the 
wavelength of light have scattering cross sections 
that are inversely proportional to the fourth 
power of the wavelength. Therefore, air mole- 
cules scatter light from the extreme blue end of 
the visible spectrum (waveleogth =: 0.38 p..) about 
16 times IS effectively as they scatter light from 
the red end of the spectrum (wavelength = 0.78 
p..). Blue smoke, which consists of very small 
particles, has similar scattering properties. Parti- 
cles that are laJ:p compared to the wavelength 
of 6ght (e.g.. haze or fog particles) have scatter- 
ing cross sections that are much less dependent 
on wavelength. Individual particleS have a scat- 
tering cross section that varies somewhat with 
wavelength, but the mixture of particle sizes 
found in a haze or fog usually results in an aver- 
ase cross section that is nearly independeot of 
wavel~ 


.. 
tant than scattering. A description of these 
phenomena is the first step in explaining visual 
:l 


and transmittance. 
The thermal !'adiation of concern in this 


r consists of electromagnetic radiations 
ftom the ultraviolet to the infrared. The photons 
that make up electromagnetic: radiations can ' 
react with matter in many complex ways, but 
the photons that constitute the thermal radia- 
tion spectrum of a nud ear fireball interact al- 
most exclusively by being absorbed or elastically 
.. 
scattered. If the photon is absorbed, it gives up 
its energy to the absorbing particle, and this 
energy ultimately appears IS heat, Scattering 
may be thought of as reflection from a small 
particle. Its effect is to cbange the direction in 
which the photon is traveling. The term "elas- 
tic" means that the photon does not lose energy 
during the scattering process.. Other interactions 
of electromagnetic radiations with matter that 
are more probable for hilber frequency (shorter 
wavelength) radiations than those or the them. 
radiation are described in paragraph 4-3. Chapter 
4., The scattering and absorption Properties 
of 
atmosphere depeod paItly on the wave- 
Jength of the I1Idimt eDeIIY. Waeleqth is often 
measmed in microns (1 micron = 10-6 meter), 
for wbich the symbol is II- Wavelengths in the 
visible spectlam may be identified by the reia- , 
tion between wavelenJth and color: light with a 
wavelength of 0.7 p.. is mi; 0.s8 p..1i8ht is yellow; 
lind 0.48 II light is blue. White light is a mixture 


_ 
The sky is blue because most of the scat- 
te:tmi at hish altitudes is by air molecules, which 
scatter blue lisht more efficiently than they scat- 
ter ather colors of the visible spednlm. A dis- 
tant mountain appears blue on a clear day for 
the same J'CISOD. 
II The scatteriDg poperties of Jaraer air- 
bOrne partides may be observed on days when a 
very light hIze RIduces _"biJity to about 10 
miles or less. Near the surface, scattering by haze 
particles c:ontn"butes more to the Iiaht in the air 
than does scattering by air molecules. The sky 
still appears blue, but the' color is not as deep as 
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• 
WOuld be on a deIrer day. Distant hDls and 
the sky ncar the horizon appear to be more JrIlY 
than blue, which indicates that the lower atmo- 
sphele is scattering aD wavelengths orlicht about 
:I. 
~. 
Water droplets cause nearly aU of the 
ering that occurs in a fog or a thick cloud •• 
Consequently. clouds are white and fogs tend to 
wash out aD impressions of color. 


_ 
Absorption usually has little effect on 


-visl'mr liIht. but it can affect the i.nf'raJed a.od . 
ultraviolet portions of the spectmm sipi6.- 
cantly. The principal absorber of thermal enCl'&Y 
usually is water Qpor, which has strong absorp- 
tion bands in the infrared spect:ruDL Dry air 
transmits infrared. energy more efficiently than 
humid air. Carbon dioxide and other gases pres- 
ent in the atmosphere in small amounts also 


abSorb infrared enel'lY. 


• 
UltraviOlet enCIBY is absorbed most 


strO 
at the shorter wavelengths: the limiting 
wavelength that air in the lower atmosphere w.ill 
transmit is about 0.2 micron. Ozone. appreciable 
quantities of which are found between roushly 
60,000 and 80,000 feet. absorbs ultr.lviolet 
radiation with wavelengths shorter than 0.29 
micron. As a result of these absorption bands 
ultraviolet energy that reaches the earth from 
the sun is almost entirely limited to the speca:rm 
band between 0.38 micron (the violet edae of 
tbel' 'ble spectrum) and 0.29 micron. 
Dark colored particles absllb appreci- 


ab 
eneq:y in aD regions of the thermal spec- 
trum. Dust, smoke, a.od the smoky haze from 
latge cities faD into this catesorY. 
" 
.. Detailed caleu1atioDs of tile complex 
sca~ mel abIorption pmceaea that can 
occur between a DIIdear expIoIion and a target 
require computer Coaes that are capable of c0n- 
sidering detailed c;:hanps in tile atmosphere a.od 
the effect that these cbanps em ha'fe on the 
entire spectrum of frequencies emitted by the 
fireball. Monte Carlo calculations haw been per- 


, . 


formed for semal model atmospheres and for 
several discrete wavelengths; however, as of this 
time, these calcu!ations have not been general- 
ized into a form that is suitable for.· inclusion in 
this manual Therefore. the formulas and curves 
for atmospberlc transmittance that are given be- 
low are baIitt on a simplified model based on 
the cOncept of effective optical height for single 
,.gths. 
__ .One way to specify the attenuating 


properties of the atmosphere as a function of 
altitude is to assume that the transmittance be- 
tween the point of burst and ground zero fol- 
lows an equation of tile form 


where T is transmittance and nil) is the effectll1e 
opt:iaJl height of the bunt beiaht II. 1bis COD- 
cept was applied in 1966 to specify one parti- 
c:ular model atmosphere for which the visual 
range is ] 6 mDes.· Tbe attenuation for light of' 
0.65 micron wavelength was used to specify 
nil). This choice was a purely empirical one. 
used because it lxougbt the calculated. values of 
transmittance into aeneral agreement with ex- 
perimentally deteImined Yalues. The wavelength 
that was selected is attenuated less than is 
the thermal radiation spectrum as a whole; 


.. 
'"T ............ itr l1li (be A.tIDDIpIIa'II (ell' 'l1IIrI:BuIl1.IIdiaIiaa 
fmm NadeIr ~- C- ........ .,..,). A 12 Ide 'IiIul 
-.: _ 
~ 
to d1i11IIDdIl ltD! "",Ill. 'JJdJ dIoic:e _ 
baed OIl a _!pilI ..... __ a 1iIID __ l1li 'Wiriul1lBF 
eIdmateI at lID aIrpcrt __ .................. _ 
_tawldlilailb. 
• ........ 10 __ ~ 
JIIDIII. "II1II 16 1liiie epa III ...... ___ It • en I I It 
... tbe """IIIiMCIIl"'''' -.: ...... dIiI .... QaIIita- 
1IIIIIly. tIdI ..... cIII:IIDIId_ .. __ at widell a4adl: oII,ject 
1IiIIIoDcaId .... tile cr ...... 1ID4 "''P1ztlJk.. T'IIiIII.IIIIII 
•• 
111 11'11"., ....... JIIDIDlIIl 3-7. 
. 
~ 
........ ". far tldJ1IIDdIl iI:IIIIlOIpIIIe" 
MIl ...... _'-.... .....,. tile 12 Ide a.- 
--.al'lllllllid---.. ..... _____ .... 
............... __ ...... I11III _ ....... wliII a 
.... a.U ... ··" ....... ., ..... .... 


J 


. . 
, - 


- 


( .... 


( 


-- 
: 
.. 
. 
. 
. 
.' 
jI 
therefore, this choice makes allowance for addi- 
tional eneJ'IY that reaches the target by scatter- 
in&- For bursts below cne-quarter mile and sur- 
face targets, a wavelength of 0.55 microns was 


~ used tosether with a buildup factor. as described 
below. I 
rl(llrt: 3-2 shows f'(h) as a funcU'on of 


alb. 
e for this particulat model atmosphere. 
:"! This model shows no attempt to represent an 


abrupt increase in transpm:ncy at the top of the 
haze layer; optical height is a smoothly varying 
function of altitude. This approximation to the 
actual atmosphere does not appear to introduce 
serious error into the calculations, and it !s GlGfe 
convenient th!!.."1 A model atmosphere that :re- 
quires a..a estimate of the height of the haze layer 
as well'as an estimate of visual ranse. 
_ 
When 'Visual range is different from 16 
.,. mlIl: the model atmosphere is specified by 
multiplying the values of effective optical height 
in Figure 3-2 by 16/Y. where Vis 'Visual range in 
miles. For exampie, if the Yisl"bility is 8 miles, all 
ulues of optical height are doubled. indicatiDg 
that transp8.t'l;1lcy at all altitudes is reduced by a 
factor of 2. This transformation may be stated. 
mathematically as 


where f(h)y is the effective optical height at a 
pven altitude for the model atmosphere for 
which Yisual range is V and f(h)16 is the effec:- 
tive optical b.ei,sh.t of the 16 mile model almo- 
~e;:e at the sa:m.e altitwle. 
- . 


- _ 
V'JSUalI8l1ll=.o a IUIface measurement. is a 


~te:don for J.'IP"'Cfictin the clarity' of the 
air a few m.ila up. AJ:tb.oqh there is some c0rre- 
lation bctweea. these two qUlDtities, the main 
justification fOl' this IOIDeWbat arbitr.u:y pr0- 
cedure is !bat the optical thickness assiped. to 
the upper atmosphere, lince it is a amal1 fiaction 
of the total optical ~ 
bas little influence 


on the calculated transmittance to taJ:gets on the 
:l 


d •. 


.' 
If the burst height is !ess than about ODe- 


q 
er mile, the line-of-sight path from the 


burst to the target passes through air which, in 
most c:ases, has optical properties that are fairly 
uniform. In a uniform atmosphere, the attenua- 
tion of a direct beam of thermal energy may be 
related. to the visl"bility of distant objects by 
the equation. 


".. - 
e-2.9 8.IV 
"'. - 
, 


where T. is the transmission coefficient for di- 
,eel Dux o-ver a path of slant range R. and Y is 
visu.aI range. As. mentioned abow, scattered as 
well as dirCd flux must be considCrec1. Conse- 
quently. transmittance is larger than the trans- 
mission coefficient for direct flux and is Jiven 
approximately by the foUowiDS empirical equa- 
tion: 


T ;: e.:]JJ 8.IV (l + 1.9 RI¥). 
II The exponential factor in this equation 


accounts for enerz:y loss from the direct beam 
by scattering. The expxession in brackets is a 
buildup factor that accounts for enCIgy scatter- 
ed toward the t.a:rset. This equation does not 
specifica.Dy involve any property of the model 
atmosphere other than 'Visual ranp; ~er. 
the properties of the model atmosphere are in- 
wahed implicitly. because. the rate at which 
transparency chanFS with altitude helps deter- 
mine the mapitude of'the c:oemcient 1!J in the 
buildup factor. FJ8U.Ie 3-3 shows this relation in. 
:I. 
cal fon;:a. 


. 
When the bmst hei&bt h is area- than 


a 
one-quarter mile. transmittance may be 
calculated fiom . 
. 
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RATIO OF SLANT RANGE TO VISUAL RANGE fItlY • ......... ...., 


FitIn '3-3. II TralWl'llt.tance a.-en ..... 
Within 1/4 MiJe of the s..t.. 
and • T_ .. on the GnNnd til 


• 
"W'here 1'(11) (from FlPR 3-2) is the eff'ecme 
optk:al beight of the model atmosphere with 16 
mile 'Visual :range. and T(1a} 16/Y is the eff'ecme 
optical height in the model atmmphere for 
which vis\oaI :range is v.. The factor RIll conwrts 
effective optical beilht to the effective optical 
distance measured along the slant path ofIength 
R. where h is the beight of burst. 
- 
It The two equations just Biven are for 


c!c'::!d!e:s 
(b~ not necessarily dear) atm0- 
spheres. The effects of doud layers are consid- 
ered later in tIUs subsection. 
__ Height~f-burst curn:s provide a CODYen- 
ient means for applyins these transmittance 
equations to thermal effects calculations. FJI" 
loftS J..4 through 3-14 are a series of such curves. 
It The height~f-burst .curves do DOt show 
. - --tlansmittance data for btll-Sabove 100,000 feet 
(with the exception of Figure 3-13&): Trans- 
mittance above this altitude depends only on 


elevation aug1e. If the burst is abon 130 ti1~ 
feet. the transmittance is independent of alti- 
tude, and the contours become lIil'Ii&b.t liIles.. 
This is mustrated for a 16 mile 'Visual ranae in 
F~ 
3-13&, in which the heiabt of burst is 
extended to 250.000 feet. As mentioned above, 
these curves are based on two empirical equa- 
tions, one of which applies when the burst 
height exceeds one-quarter mile (1.32 kilofeet) 
and the other of which applies to lower bursts. 
The discontinuities that occur where these two 
families of CIII'veS meet bas no partk:uIar sig- 
nificance other than to sugest the d~ of 
uncertainty inherent in any transmittance data. 
The cliscoDtinuities have been allowed to remain; 
joining the contour Jines would produee sbapes 
tbr! may h;~ IlO physical basis (for example, 
the curves should IlOt be interpref:ed to imply 
that for shott pound I'IIlges the optimum burst 
height for thermal effects on the around is 
necessarily below 1/4 mi1e). 
o 
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Problem 3-2. calculation of R_iant Exposu .. 


• 
r18UftS 3-4 through 3-14 show atmo- 


sp enc transmittance as a function of height of 
burst and JIOund distance for various visual 
nmges. These cu:rves. tOsetber with the" equa- 
tioas Jiven in 'paragraph 3-2 allow the c:aJcuJa.. 
tion of radiant exposure for a variety of circum- 


::'~D.::es. 
_ 
For bursts ahove one-fourth mile heiaht 
of~, interpolation between the figures (to 
I()btain data for visual I'8JlICS other than those for 
which curves are provided) may be accomplished 
asfoUows: 


T. = T 
V1fV2 
2 
1 


where Tl is the label of a Jiven ..oJlltour line on a 
IJgUre for a visual range of VI and T2 is the label 
that this same curve would have if the figure 
were for a visual range of V 2. If the height of 
burst is below one-fourth mile, the trans- 
mittance may be obta.illed from Figure 3-3 for 
aDilimbination Ofl:t 
range and visual range. 
Example 1 
. 


ipen: A S let n 
warhead is being con- 
sidered for a defensive missile warhead. 
Fmd: The miDimum burst altitude such 


that the radiant exposure on the pound will not 


• 
Extzmpk 2 • 
Gwen.: A 100 
explosion at an altitude of 


10,000 feet at a location where the 'Visual range 
is 16 miles. 
FInd.: The thermal radiant CIICIJY incident 


on a tarpt at a pound distance of 9.000 feet 
from 


.,3 


.. 


-.. 
.... , 
t - 


• 
Reliability: The calculated transmit- 
tances exceeding 0.1 are beJieved to be correct 
to ±30 percent; howm:r. this tolerance is 
seldom required in practical problems. When 
transmittance exceeds 0.1. the product IT is 
believed to be within the range obtained by 
setting upper and lower limits on f as specified. 
in "Reliability" in Problem 3-1. The reliability 
of transmittance calculations decreases as trans-- 


• 


3-14 


mittance decreases. Transmittances below 0.1 
are yery uncertain, and enors that amount to a 
factor of 2 to 10 are not unusual. When correc.- 
tion factors for reflecting surfaces are requir~. 
an "additional tolerance of :30 percent should be 
applied to the IT product. 
• 
Related Material: See paragraphs 3-2 
through 3-6. 
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II Figure 3-1 S shows transmittance data 


for bursts above 100,000 feet. A:s mentioned 
above. transmittance above this altitude depends 
only on the elevation ansJe. For convenience, 
FiBl.Ire 3-1 S shows the transmittance as a func- 
tion of the ratio of slant range to height 0' burst 
as weU as the elevation angle. 


3-5 
Effects of..Qouds and Reflecting 
Surfaces • 
_ 
The model atmospheres are cloudless, 


~I 
have the same basic pattern of trans- 
parency as a function of aJtitude. When the 
actual atmosphere does not conform to these 
limitations, the calculation procedure must be 
mlled. 
If a cloud layer is present and the burst 


is a ave the clouds, a transmission modifying 
factor is used to account for the attenuation 
produced by the cloud layer. Table 3-1 provides 
a list of transmission correction factors in terms 
of the appearance of the daytime sJ..")'. Transmit- 
tance is calculated as though the air were clear 
and no cloud layer were presen~ and the result 
is multiplied by the correction factor obtained 
fro_he table. !II 


Table 3-1 ~ 
two ~ays to calc~te 


the transmittance for a high-altitude burst (high 
enough to be in clear air, above the haze and 
~"'~, wilen the haze (or fog) extends to the 
ground. For example. if a medium haze exists, a 
4 mile visual range could be assumed. and from 
Figure 3-9 the transmittance of a hiP. aJtitude 
overhead burst would be O.S 1. Alternatively. the 
transmittance of a typical clear day (visual range 
= 16 miles), 0.8S. could be used as a starting 
point. This with the modifying factor for 
medium haze, O.S.1ives a transmittance value of 
about 0.43. The c:li.screpancy is within the uncer- 
lI 


f the calculation. 
Judpnent muSt be used to determine 


wether 3 transmittance ca.Iculation should be 
bastJ ou \isual range or on sky appearance. If 


the burst is directly over the target and high 
enough to be above cloudy or hazy air, sky con- 
ditions provide the better basis for the calcula- 
tion. If the burst is at a low height and the t:J-get 
is at a long ground distance. visual range is 
preferred. When the situation is less clear. look- 
ing through the atmosphere may suggest which 
criterion is the more representative of conditions 
:I 


n the path from the bl.lrSt to the tarzet. 


The transmission modifying factolS ordi- 


y should be used with the HOB curves for 
16 mile visual range. otherwise the attenuation 
orllh atmosphere is counted twice. 
Since a cloud layer appears thicker when 
the sun is low in the sky. cloud cover estimates 
r..ade UJuler this condition should be modified 
: ... y taldng the type listed just above the cloud 
description that fits the observed conditions 
best. SimiJady. when the elevation angle of the 
burst is below 30°. the effect of a given cloud 
cover wiD be greater than if the b1.!lSt were more 
nearly above the target area. In this case it is 
appropriate to take the transmission modifying 
factor just below the one that would ordinarily 
be selected.. 
_ 
This procedure is based on the similarity 
be"-een the solar spectrum and the spectrum of 
thermal radiation from a fireball. Althoush the 
spectra are by no means identical, the ability of 
the atmosphere to transmit solar radiation often 
is the best available indication of its ability to 
transmit thermal eDetgy. The appearance of the 
sky is. of couise. an indication of its effect on 
light from the SUD. 
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Table 3-1. II Modifying FKtOrS for Transmiuion UI'Ider 
V.,.i0u5 Atmospheric Conditions II 


If Hau or Fog 
Layer Extends 
to the Surface 


Probable 
VISUal Ranae 
Type 
(miles) 


Very clear 
32.0 


Clear 
]6.0 


Light haze 
8.0 


Medium haze 
4.0 


3.0 


TbiD Cog 
1.5 


Light Cog 
0.8 


If Haze or Cloud Layer is Ovedlead 


Type 


Very clear 


Clear 


Light cloud 


Medium cloud 


Decue cloud 


Description 


This condition rare except 


.t~~tirude loca~ 


Sky deep blue. Shadows 
distinct, dark. 


Sky white; cIazzIia& Deal' 
sun. Shadows visible, pay. 


Sky briBht payilh-white. 
View SUD without serious dis- 
comfort. Shadows visibJe 
but faint. 


Sky dull gray-white. Sw:!'s 
disc just visible. Shadows 
barely discmJibIe. 


Sty Jiaht lillY with lDID'inu·m 
lumiDance uound sun. Sun's 
disc Dot ftsible. DO sbaclows. 


Sky dull pay with maximum 
luminance at zadth. 


Sty dark pay; briBh1Das 
pattern pes DO i1'ldicatioD 
of sun". poIidorJ.. 


1'he low lumm,,,,,,, level SIB- 
aem the applOlCb of mpt- 
fall. 
Gloomy. 


Trmsmission 
Modifying Factor 


1.1-1.0 


1.0-0.9 


0.9-0.6 


0.6-0.4 


0.5-0.3 


0.4-0.2 


0..3-0.) 


0.2-0.06 


0.1-0.02 


• 


II 
If a doud layer lies above the burst. it 


wiD scatter thennal DeIlY toward the ground. 
The calculated value of transmittance should be 
multiplied by the modifyins factor 1.5 when a 


cl~ayer is above the explosion. 


_ 
If the burst is between cloud layers. the 
upper layer will act as a reflector and the lower • 
layer as an attenuator. If the two layers are 
equally thick, as much thermal energy will 
enlc;rlc from the bottom of the lower doud 
layer as will emerge from the top of the upper 
layer. In most situations of this type. the cloud 
structUre cannot be determined well enough to 
make detailed transport calculations meaningful; 
consequently. systematic calculation procedures 
for this case have not been developed. However, 
the procedures already described may be used to 


~t approximate limits on the values of trans- 
ntIiIiIice that may apply. 


_ 
Similar problems arise when a broken 


cloud cover lies between the bwst and the 
tarseL Whether the taIJet will be in the shadow 
of a doud at the time of bwst is, in most prac- 
tical situations, impossible to determine. and the 
results of transmittance calculation become 
much more uncertain. If the individual clouds 
are sufficiently thick that they do not reveal the 
location of the sun by a local bright.area, and if 
they are spaced sufficiently dose that they 
$h::.de each other (Le., so that some of the doud 
areas appear dark gray). transmittance to taJ:sets 
shaded from direct radiation from the fuebaII 
will be roughly 20 percent of the transmittance 
:l 


ted for a doudless atmosphere. 
., 


When any doud or haze layer listed'in 


Tab e 3-1 is in contact with the surface. that 
layer has a most probable value of visual range 


. associated with it. Under these conditions, the 


appearance of the sky may be used. in the 
absence of more direct measurements, to esti- 
mate visual range.. Table 3-1 includes a rough 
assignment of visual range values in terms of the 


~~rance of the sky. 


I 


.... .,_ •••• ____ 
....t ______ 
""-"_ 


III An additional modifying factor relates 
to surface albedo, which is the reflection coef- 
ficient of the surface of the earth. Most surfaces, 
including water and desert areas, have low 
albedos (usuaUy 25 percent or less). Only sur- 
faces such as snow and white sand are in the 
high albedo class. These latter surfaces enhance 
thermal radiation because they can reflect 
energy directly toward the target and also be- 
cause they reflect enetBY into the atmosphere. 
where some of it is scattered back toward the 
target. When such a surface is present, the calcu- 
lated transmittance is multiplied by 1.5. If the 
burst is between a cloud layer and a high albedo 
surface, the enhancement factor is applied twice, 
giving a factor of 2.25. 


3-6 
TransmittanCe ... Targets Above 
the Sumc:e _ 


• 
Transmittance to targets above the sur- 


race (e.g" airaaft in f1iabt) may be calculated by 
using an equation similar to that given in para- 
graph 3-4 for the model atmosphere above one- 
quarter mlle, 


-4T(h) .!!..!... 
T = It 
V 4h 


where Anh) is the absolute wlue of the dif- 
ference between rih) at burst altitude and nil) 
at target altitude (values of rih) can be obtained 
from Figure 3-2), 4h is the absolute value of the 
altitude difference between the burst and the 
ta:rset. y is visual range at the surface, and R is 
~IC 
between burst and target. 
_ 
If the burst and tal]Iet altitudes are 
equal, the exponeat in the equation becomes 
indeterm.iDate. An estimate may be obtained in 
this ~ 
by increasin& burst altitude a small 
amount, cIea:easina tuset altitude the same 
amount, and boldine slant range constant. Esti- 
mates obtained from this equation must be 
regarded as very rouah approximations to actual 
transmittance. 


0'" 
" 


( 


• 


I 


( 


_ 
Table 3-1 provides descriptions of YBJi.. 


ous atmospheric conditions from which visual 
nnge may be estimated. The table also prcmdes 
transnUssion moclifyina factors to be applied to 
the transmittance values for a 16 mile visual 
r:!nge ,"hen appropriate. Conditions under which 
the appearance of the sky should be used rather 
than the measured or estimated ll'Ound level 
visual range to determiDe transmittance are 
d.·bed in paragra~5. 
£:xamplel _ 
Given: A nuclear explosion at an altitude 
of 5,000 feet. The appearance of the sky SUI'" 
psts a tight haze atmosphere. 
FInd: The transmittance to a tarpt on the 
surface 50,000 feet from ll'Ound zero. 
Solution: Since the tine of siBht from the 
burst to the taqet is low and nearly horizontal, 
visual range rather thaD sky appearance would 
provide a better criterion for selectin& a model 
atmosphere. NevertheIe:ss, this problem must be 
solved on the basis of sky appearance, beca~ a 
direct visual range IDC1LSUIeIDeDt is not aftilablc. 
From Table 3-1, a Baht haze condition cou:e-- 
sponds to a visual range of 8 DiiJrs. 
Answer: From Figure 3-11. the trans- 


1IIILL4Lll~ is 0.15. No definite tolerance can be 
placed on this value of transmittance. and it 
mw=:r 
estimate 
• 
Gtven: A nuclear explosion at ali' altitude 


of 30,000 feet. The '9iIu:I1 nnae is 6 miles, and 
the aJcy appear.anc:e fiD _ medium doud condi- 
tion. The tiJD8 it ODe hour before sunset, and the 
sround is co_eel with IIIOW. 
FInd.: 1be transmitt.ulce to a u.raet on the 


surface 10,000 feet from pvand zero. 
Solution.· Since the bunt is nearly aver the 


t:II'Jet and is suf6ciently hiIh that it probably is 
aDOve most of the haze and douds, the sky COD- 


-----, ------- 


ditions provide the best indication of transmit- 
tance. Therefore, the visual range wiD be ianored 
in the solution. As a result of the low elevation 
angle of the sun, the cloud layer appears to be 
thicker than it actually is. Therefore, the trans- 
mission modifyiDg factor for tight cloud condi- 
tions should be used rather than medium cloud 
conditions. 


Answer: From Fi&ure 3-13. tr.ansmittanc:e 


on a clear day (16 mile visual range) would be 
0.86. From Table 3-1, the transmission modify- 
ins factor for light cloud conditions is between 
0.2 and 0.4. Ileflection from the snow covered 
surface requires an additional correction factot 
of I.S. The calculated transmittance therefore 
lies between 


(0.2)(1.5)(0.86) = 0.26 • 


and 


(O.4X1.5XO.86) = 0.52. 


~t'ltabllity • 
-. In,eneral. transmittance calculations 
are most reliable when tnmsmittance is hiIh and 
when the atmosphere is relatively dear. A tole .... 
ace of ±30 percent is assiped wben transmit- 
tance exceeds 0.1 and when visual nnae is 5 
miles or pater. Tbis tolerance is based on com- 
parisons between. transmittance calcu1ations 
made by the methocIa of -.raJ different inYesti- 
ptaI'$. When n=tlection from snow co'VCr or an 
ovedIead cloud CO¥a' must be considered, the 


uncertain~ rises to :t6O percent. 
_ 
Comparisons of calculated values with 
data liOm fun ICIIe DUCIeu tests show uncer- 
tainty tl:aat basically zelates to the product n. 
since thamII partition and tnnsmittance caDDot 
be JDeIISU1ed independently. When transmittance 
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!Ie. 0.1 and yisual 1"IIIp exceeds 5 miles, the' 


tolerance on thermal partition I accounts for aU 
of the uncertainty ill the n product. No addi- 
tional tolerance on T is required. When reDect- 
ing surfaces are present or when visual nmae 
drops below 5 miles, aD additional :t30 percent 
tol"ilsnould be applied. 


No reliability estimate is assigned to- 
calculated transmittances below 0.1. At these 
low vaJ~ transmittance estimates become in- 
acasinaIy uncertain. and errors may rise to fac- 
tors or 2·10. 
• 
Errors in the estimation of visual 
nmae also can affect the CIl'Of in the calculation 
of tnmsmittance. If a visual ranae of 3 miles is 
estimated as 2 miles, which is not an unreason- 
able enor. the pen::ent error in tIansmittance 
rises rapjdly as the transmittance drops to low 


-Dlues. 
• 
Additional errors are plOduced by 
approximations in the calculation procedure. 
These CIl'Ors tend to be smaU when transmit- 
tance is hish and large when bansmittance is 
low. Three approximations are made in transmit- 
tance....,alculatioas. 
_ 
rust. a single parameter, visual ranae, 
serves as the basis for transmittance calculations 
in cloudless atmospheres. Althoup visual .ranae 
at the surface is only one of the .parameters 
required to specify the tDnsmittiq properties 
nf' +'h- -.=> ..... l-e~ the burst and the target. it 
is one of the very few parameters that can be 


.. 


I 


observed directly from the ground. Other param- 
eters necessuy to defme the atmosphere com- 
pletely are supplied by • let of model' atmo- 
spheres that include the measured Yisual ~ 
at 


the surface aDd an increasin& tl8nsparency with 
increasing altitude. This chanp in transparency 
with altitude is chosen to match the chanaes 
that cx:cur in real atmospheres under typical 
conditions; however, there is no assurance that 
ihe model atmosphere is a particularly JOOd 
match to ~ 
si.qIe real atmosphere. 
.. 
Second, the transport of thermal 
eneqy through these model atmospheres is cal- 
culated from empirical equations confirmed by 
experimental data. The results of more accurate 
computational procedures are expected at some 
fu~e. 
. 
.. 
Third, the model atmospheres are 
cloudless. Ooud effects are accounted for by 
correction factors that modify the transmittance 
calculated for a cloudless atmosphere. An 
empiricai treatment of some kind is unavoidable; 
cloud effects are too complex to be treatocl 
"AnY of these sources of error can, 
under certain conditions. cause the calculated 
transmittance to be wrGq by a factor of 10 or 
more, bat these exbemely hiah eD'Ors appear 
wben the atmosphere attenuates thermal eDerJY 
from the fUeball stroqJy and therefore when 
tbermaI effects are unlikely to be as im,portant 
as other effects such as blast. 


o 
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3-7 
VIIUIII Aqe _ 
. 
nearly alike in both briihtness and color that a 


_ 
Ordinarily, the purpose of visibility mea- 
. dark object silhouetted qainst the sky is ban:ly 


surements is to determine the ability of an 
recognizable. This reduction in contrast may be 


observer to see throuah the atmosphere; such a 
described quantitatively in terms of the brilht- 


measurement may determine the approximate 
ness B of an object and the brightness of B' of 


distance at which a pilot can recognize a run- 
the background. Contrast is defined as the ratio 


way. In the study of thermal effects. visibility 
B-B' 
measwements are useful because they indicate 
c= 
B' 
the transparency of the atmosphete and its 


r 
ability to transmit thermal radiation. The model 
If the object is darker than its background. the 
atmosphere that should be used in a Particular 
contrast is negative, reaching -1 for a perfectly 


transmittance calculation is selected on the basis 
black object. On the. other hand, lights have very 


of da)"time o4sua1 range. 
¥tive values of contrast at night. 
• 
The term visuIll ranee as used in this 
A hypothetical example illustrates the 


chapte{ is synonymous with dlzytime visibility as 
problems of estimating visual range and the 
commonly measured at weather stations. AI- 
accuracy that may be expected &om such esti- 
.- _ .. 


thou&h "visibility" is a more widely used term 
mates. Table 3-2 shows a series of values calcu- 
than ''visual ranae." the latter is used in tIUs 
lated for the condition that the fifth pole of a 


chapter because it indicates that the quantity 
row of telephone poles closely spaced in a uni- 


bcin& discussed is a distance and not a measure 
form fog is at the visual ranse as it would be 
e 
of the clarity with which a particular object c:an 


Teble 3-2. • 
Contrast R.tio far • Series of 
be seen. Visull raDIC is def"med as the distance 


II 
at which a dark object silhouetted apinst the 
8IM:k T~ 
.. Poles in • fog; 


sky is visible and RcopUzable. It is commonly 
V..,.I Range - 500 Feet •. 
measured in statute miles. 


• 
Two factors make it advisable for the 
Pale 
Distmce 
ContraSt 
person who must develop the ability to make 
Number 
(feel) 
Ratio 


~.-e:7J:1 effects calculatioas in tactical situations 
to understaDd the procedures for measuriD& 
JOO 
0.56 
~ 
range. First, he will DOt Ilways have access 
2 
200 
Q.3J 


to weather station information. Second, be may 
3 
300 
o.J8 
wish to question the information ~ obtains 
&om weather stations. For the usual purposes of 
4 
400 
0.098 
~ 
nDF measmemllrtl. underestimates of 
5 
SOD 
Q.OSS 
this nnae ~ .. .nous enors than are 0ver- 
t 
estimates. For troop safety c:alculatioas. the 
6 
600 
0.031 
opposite is true. Some meteorolopts. nol in the 
habit of t1rinkin1 ill tams of weapoDS effects. 
7 
700 
0.0]7 


may shade their estimates inconectIy. 
8 
800 
o.OJO 
• 
At the Yisual aDF. an objects appear so 
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• 
mtaL."ed by a balun_meter.- If the poles 
have a dark color, the iDbene:nt cc:!!!'Ut of each 
pole with its bacQro1Dld may be assumed to be 
nearly 100 percent. The contrast,. IS seen by the 
observer is liven in the last column. and is, by 
dell"tion, 0.055 at the visual ranae.t 


What an observer sees may be afl'ected • 


by factors such IS the uniformity of the fog 
layer. The first three or four poles are distinct, 
the fog bas changed the apparent color of even 
the first pole to gray. The fourth pole is suf- 
ficiently distinct that if the cross arms are of 
Jiebter wood than the pole itself the difference 
in color is discemi'ble. The rlfth pole. at the 
visual n.nae. is little more than a sbadow. but it 
would be 'Visible instantly and would be rec:oa- 
~ 
as a telephone pole even if it were standing 
," al'iila 
. 
_. _ 
An observer lookina at the sixth pole.. 
stanclins alone probably would see it if he knew 
where to look, but he .might question its identi- 
ty. Although the line separatin& the image of the 
pole from its backpound is sharp, the faintness 
of the contrast makes the outU.nc appear slishtly 
bI. 
The seventh pole is at approximately the 
distance known as the mllleorologlclll n:mge. 
wbiell is the 1'IIIlP that sms a CODbast of 0.02 
betwee:n a black. object and the sky. If the pole 
were standing alone and the obsI:lIwr did not 


;.......... .~ti. to look. for it, he vety likely would 
miss it. MeteolOlogic:aJ. l'I1'J.IC bas often been used 
as a measme of ¥isual ranae; it C01TeSpDnds more 
dosely to the threshold of detec:tioa than to the 
implications of the pesently used st8nc:Im'd of 
""visi.blc ad teeOjiIizable." 
• 
1hc c:ilhth pole poballly is not visible 
; because of its size. A. CII' pmbd. beside it mi8ht 
be ~ 
but only if the ob;ea fea. Jookina 


. down the lOW of poles.. bows exactly W'bm: to 


look for it. Detedion 11 tbis CODbast level re- 
quiJes a bacqround uniforDuty that is I1tR 
except UDder' laboratory CODditioas. 


_ 
Many observm would estimate 'Visual 


I'IIJ1,P as the distance to the fourth or sixth pole; 
a few mi;ht select the seventh; still fewer, the 
thiri. As Table 3-2 shows, the error m rl!...11Je that 
this uncertainty produces is not excessive. 
• 
The factors that would lead some ob- 
servers to select the fourth pole may include 
more than overly conscientious application of 
the "visible and recognizable" rule. The lifth 
pole is only about 1/4 as wide as the ideal dis- 
tance marker (which should subtend an ansIe of 
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• 
It least lIT). ad for tIUs ftIaSOn it may not 
I: 


to be as distinct as a Jaqer objed would. 
AdditioDal factors that could eause an 


o 
to underestimate viseal nmae can occur 
when the see.in8 conditions are different nom 
those assumed in this e::t:."npJe. For example. the 
fog was assumed to be perfectly umfoml. 
Act\I.aDy, the atmosphere near the swface 0V'ef 
la.l': is rarely ua.iform. and patches of haze that 
can be misjudged for distant objects are com- 
JDOn. Shimmer, an optical effect similar to the 
heat waves observed owr a metal olUect on a 
sunny summer day. can distort imqes of distant 
objects and can reduce the apparent v.isuaI ranee 
~ouah 
the air is dear. 
~ 
An observer who uses a distant hDl for a 


r.r $ 
maR::er may be inclined to overestimate 
'ViSual mnse. This is particularly true if he 
knows, perhaps from the pattern formed by 
dose:r hills, exactly where to look. Aided by 
such 1aDdmarlc:s. be may detect so many details 
of the famitiar outline that, to him. the hiJl is 
definitely .... isible and J:eCOpizable.- 
The 
obsen'e:r. if he is UDSQJt: af the mark. should ask 
I1imself whether be sees the bill dearly enoup 
tbat conspic:,lous surface features (c.s.. patches 
of trees separated by Jarse areas of Uaht-colOJed, 
waetatioD-free rock) would b'e faintly discern- 
ible, even thouah such features may DOt actually 
oe present. He should also ask whether an ob- 
server unfamiliar with the tmam would be tea- 
soaably sure that he was IookiD& at a bill iDstead 
of doud. st:ructule Dear the horizon. If the 
answers to these questions are "yr:s, 
YO ¥ Ibould 
iuS. the hill witbiD the 'fisual J'lIDF. 
• 
Dis:taD.ce muteD that are appreciably 
easter or harder to .. tban the stand&rd dark- 
colomd makIJr Ib.ouId be ~ 
if possible. 
since they lad to inac::c:urate measurements of 
¥:isual ranae. A saow-w.aeci mountain is IiteIy 
to be an 1IIlRIiable IDiIIter for two n:asc::ID§ If 
the peak is at a blah altitude, the obsener sees it 
tbrouIh air that is usually dearer tbm the air 
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along a line of siaht doser to the surface. Also, 
under strona illumination the snow is visible 
from a peater distance than darker portions of 
the mountain would be. Either effect can cause 
an utific:ialIy hiBh measured value of Y.isual 
ranee. implyins a clealer atmosphere than 
actually exists. 011 the other band, the tree- 
covereci base of a mountain is an excellent 
marker for long 'fisual nmaes. 
.II 
Surfaces with biBb !eQection c:;.cfficicnts 


Dot always more easily seen than <brk ob- 
jects. An observer looki:q in the general d.ireo- 
tiOD of the sun may see a white object as darker 
than the horizon sky. because the side of the 
object faciDs the obscn'er is not muminated 
stronsly. If the angle of the SUD is just right, 
there may be Yirtual1y DO brilbmess c:oDtnsl 
between a white object and its sky badqp'oUDd. 
On the other band, the iaherent coatnst 
between a YeI)" da:dt object and the sty aever 
varies peatIy from 100 percmti therefore. the 
use of dark objects as distance matkers results in 
reasoaably consistent 'risual J1lIIF measure- 
~ 
The obsen'er Mould be aware of phe- 
DODleDa mated to 'i8t¢ing effects. If he is look- 
iDs at a distance IIIlII'b:r that is in the aeneraJ. 
direction of the SlID. the SCroa& forwm:l sc:atter-- 
iDa property of haze partides will a:mte the air 
liPt betReD him IIIld the JII:IIIbr will appear to 
be particularly briaht. This docs DOt affect the 
distance at which a dat matter am be seen. 
1be sty behiDd. the marker is similarly brisht. 
IIIld the appar:ent Wid:lut between the marker 
IIIld its backpouDcl is DO different tban if, for 
~ 


tbeSIID were ow:dIeiid. 
"Ihe pte c.... cIiIc:aIsioD provides the 


With iDfor:mllioD tbat wiD help bim to 


make 8CCmate estimates of'fisual DDIC. Much of 
this iDfOl'.lDldioD .... COIlCIemed to a set of 
IUles. 
. 


• Ranee I'D8I'b!a daau.fd be IS dark as JIOS'" 
sible. If the mtJection coefficient of the . 
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marker is more than 30 percent and the sun 
is behind the plane of the observer. the 
marker should be rIOided.· 


• The ranae marker should be silhouetted 
_pinst the sty, or its baclcpound should 
be at least half apin as far from the ob- 
server as is the marker itself. When such_" 
marker is at the visual ranae. the back- 
ground will be so nearly obscured that it is 
i..,etinguisluble from the sky. 
• The distance marker should be sufficiently 
hqe that increasi.Dg its size would not in- 
crease the I'8.IIF at which it can be reCOl- 
Qized. This requimment is met if the· 
aquIar size of the marker (YerticaDy and 
horizontally) is liT'. wldch is the diameter 
of the ruD mCO%l. A distance of 5/16 inch 


. _ _. on a ruler he1.. -at arm"s IenJih is 8D approx- 
imate measure of this lSlIIe. If shimmer is 
not a serious problem (if the imaae is 
steady). binoc::u1ars may make a smaller db- 
tance marker usable. 
• Distance DWkelS should be available in 
several directions so that lIOIUIDiformities 
in the atmosphere can be detected.. 


• When a requirement for ¥isual ranae mea- 
surements in a Biven .. can be antici- 
pated. a map sbowina usable distance 
markers should be JDepared. It should .iJldi. 
.... t ... t~ "..,~, directicm. ad identification 
of each marker. (Hciabb of hills or taD 
buildinp should also be rec:GldIIId, because 
such objects sometimes pI'Oride useful inc:ti:- 
cations of doucl beight.) 
'. 


• The altitude of distmce ma:r:brs sb.ould. be 
such as to place tbe tine of.t as close as 
~e 
to the ilYelaac poUnd I&YeL 
• 
UsuaDy it • --= 
ry to use mme 
maJkers that fd short of tbae standards.. The 
malbIS may be too smaD. or tire WIOD& c:olor. 
and often DO mubt will exist at the visua1 
ftIDP. In this case the obserftr anwt use.iudl- 
.. 


I 


ment 10 decide the visual rap that ideal 
markers would indicate. One important clue is 
the apparent color of markers that are within 
the visua1 range. (lear. undistorted cololS indi- 
cate that the amount of air tiaht from the inter- 
'¥eDina air is small. and that objects at consider- 
ably areater ranges would be clearly 'visible. 


3-8 ~ 
... V ..... RIngI II 
• 
The distance at which a person can sec a 


lilbt depends partly on the transparency of the 
atmosphere. However, it also depends on the 
state of dart adaptation of the obsaver. the 
briahtness of the Blbt, md the amount ofbacle- 
around produced by whatever other lights may 
be illuminating the air. 0DJy the first of these 
four factors conc:ems the ability of the. atmo- 
~ 
to transmit thmual ener&Y. In general, 
the variations caused by the last three factors 
make measurements of niahttime visual anp a 
poorer indication of the transport properties of 
the atmosphere than measurements of daytime 
,m;:-the absence of definite changes in the 
weather. the tnlDSpare:acy of the air usually does 
not cba:n&e much from day to .night. Daytime 
"¥isual rmae. which usually can be measured 
more JeadiIy than Diabttime visua1 ranae. is 
ofts the most tafisfactoly means for estimating 
the uaspott propa1ies of the atmosphere the 
foJlaina niBbt. 
_ 
Exceptions occur in repons where the 


mIative humidity exceeds 90 perceIlt ill polar 
rePons. ad ill ueas su1:lject to air pollution. In 
the latter case, the murce of poUution (e.g., 
domestic heatina or c:ook:ina ancl ind:astrial 
exhausts) are likely to "ftIIY &om day to night. 
Po1lL1ted at:mosphen::s abo often produce a haze 
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- 
layer near dawn. particularly when a steep tem- 
perature inversion forms near the surface. Such a 
haze layer may be dense enouah to offer some 


~tection from thermal radiation. 


_ 
If niJhttime ~ual ranaes must be mea- 


SURd, these ranges should be converted to the 
equi\-a1ent daytime visual ranges. This is oeces- 
sary because da~ 
~ual ranae is the param- 


eter on which transmittance calculations are 
~. 
FIgUre 3-16 may be used to convert JUght- 


time !3J18eS to equivalent daytime ranges. 
_ 
Figure 3-16 is based on • larze number 
of ~tions to determine the distance that • 
2S candJepower light (25 candlepower is approx- 
imately the output of a 2S watt incandescent 
lamp) can be seen throush wrious atmospheres. 
The data were originaDy taken to correlate trans- 
missometer data with ·~ual range measure- 
ments; therefore the seeing conditions would be 
similar to those existing at airport weather 
stations. 


_ 
In practice, the 25 candJepower source 
can""; replaced by any JigIlt of moderate inten- 
sity. In a transparent atmosphere, a 100 watt 
lamp could be seen about twice as far as a 25 
watt lamP. but in an attenuating atmosphere the 
difference is less. When nishttime visual range is 


.. 


50.000 feet, the 100 watt lamp could be seen 
from about 65.000 feet. When nighttime visual 
rar.ge is 5.000 feet, the 100 watt lam, can be 
seen from about 6,000 feeL 


• 
APPROXIMATE CALCULATIONS OF 
RADIANT EXPOSURE. 


• 
The procedures described in the preced- 
ins subsections permit the calculation of radiant 
exposure by methods that are as accurate as 
present knowlecJae of thermal partition and 
transmittance allows the information to be 
presentee! in a manner suitab:. for. this manual. In 
many cases. a quicker but less accurate estima- 
tion of radiant exposure is desirable. Such an 
estimate may indicate whether more time con- 
suming calcUlations are nec:essuy. F"JpreS 3-17. 
and b are intended for use in such cases. 
• 
These figures are based on transmittance 


values for a moderately dear, doucDess atmo- 
spbere (visual raD&e = 16 miles) and on thermal 
partition values for an intermediate value of 
yield. 200 Jet. Transmittances were calculated 
using the hiIh altitude equation 0Dly, and some 
loss in accuracy is expected for burst beishts 
below 1/4 mile. 
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Problem 34. 
~imaut Calculation of R.tiant Exposure 
II FlJUICS 3-17a and b show approximate 
radiant exposure to talpts on the surface from a 
1 kt explosioD as a function of distance from 
pou'1d zero aDd heiaht of burst. 1bese cwves 
are based on calculations for a 200 kt explosion 
under the assumptioD that the radiant exposure 
could be scaled to I let directly with yield. Visu- 
al. was assumed to be 16 miles. 
Scaling, For yields other than 1 let~ the 


radiaIlt exposure is 


Q = Qt W. 


where Q1 is the ~t 
exposure for 1 kt ob- 
tained from FJgUre 3-17a or b for the heiaht of 
burst and groUDd distance of interest, and Q is 
~nding~ 
for Witt. 


1lIII!i~rsOO" explosion at an altitude of 


30,000 feet. 


Fuui: The radiant exposure on the surface 
150.000 feet from JI'OWld zero. 
Solution: From F"lJUR 3-17b. a 1 kt explo- 


sion at an altitude of 30,000 feet will produce a 


rac:Uant exposure 150,000 feet from ground .;:.ero 


Answer: The radiant exposure from a 500 


kt explosion is 


Q = Q] IV = (0.0007)(500) =: 0.35 caJ/cm2 • 


• 
ReliabUity: Rac:Uant exposures from Fig- 
ures 3-17a and b are approximations. For the 
assumed atmospheric coDditions and burst alti- 
tudes below 100 Icilofeet. values of radiant expo- 
sure obtaiDed from Figures 3-17a and b are esti- 
mated to be reliable within :t4O percent. Addi- 
tional loss of accuracy is expected for bursts 
below one-quancr mile altitude since the trans- 
mittances were calculated with the high altitude 
equations. The reliability also drops for bursts 
above 100,000 feet as a result of the uncertainty 
in.Yalues assumed for thermal partition. 
Related Materi.a1: See paragraphs 3.1 
throuJh 3-8. 
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111 SURFACE AND SUBSURFACE 
BURSTS • 


• 
Clouds of dust (or spray) partly obscure 


the flI'eball of surface bursts and reduce the ther- 
mal radiation received by 1:afRets on the ground. 
Even less thermal radiation escapes from under- 
ground and underwater bursts. If the burst is • 
deep enough, the earth or water absorbs almost 
all of the thermal energy; the amount of radi- 
ated thermal energy is insignificant. 


3-9 Surface Bursts II 
• 
The terms contact surface burst. surface 
burst, and air burst, when used in connection 
with thenna! effects. have meanings similar to 
those assigned to the same terms in Chapter 2 
(see paraaraph 2-19). A contact surface burst is 


.......one that is no more than S WO·3 feet above or 
below the surface. The region between S WO·3 
and 180 WO·4 feet (±20 percent for yields 
between 10 and 100 let, and ±30 percent for 
other yields) is called the transitiOD zone, and a 
burst within this region is a surface burst for 
PUTpOSeS of thermal radiation phenomena. Since 
the flI'eball is approximately 180 WO·4 feet in 
radius for explosions in the lower atmosphere. a 
surface burst is any burst above 5 WO·3 feet but 
low enough that the fireball will interact 
stroD&1y with the surface of the earth. As men- 
......... ~ ;.,. 
~tagraph 3-1, an air burst occurs 
above 180 WO·4 feet. 
.. 
Experimental data indicate that the ther- 
mal partition of contact surface bursts is about 
0.21. Figure 3-18 assumes a thermal partition .of 
0.21 for a contact surface burst, assips the air 
burst partition (FJ8Qre 3-1) to a burst at 180 
WO·4 feet., and provides iDtc:rmedilte ftlues by 
. linear interpolation. 'Ibis procedu.te is arbitrary 


and is only supported in a pneral -.y by 
experimental datil. Points above the clashed line 
in FJgUre 3-18 represent air bursts; p)ints below 
the dashed line are smface bursts. The radiant 


exposure from surface bursts may be calculated 
by the formulas given in paragraph 3-2 with the 
values of thermal partition. f, taken from Figure 
3-18. 
• 
Figure 3-18 describes the fireball as it 
would be seen by targets on the surface. Clouds 
of dust would Dot obsc:ure the f'lreball from 
above; consequently I radiant exposure of air- 
bome targets should be calculated on the basis 
of the thermal partition of free air bursts given 
in~3-1. 
_ 
Since conf'mement of the fireball by the 


surface is roughly equivalent to reflection. the 
f'lreball radius for a contact surface Purst is 
larger than that for the same burst in free air. 
Blast wave tt.eory su.aests that the fireball of a 
contact surface burst as viewed from Jlbove 
might resemble that of a free air bulS' :.rith a 
yield of 2.0 W. In fact, determination 01 fireball 
yield by hydrodynamic sc:alinS uses the 2.0 IV 
assumption. 


3-10 Subsurface Bursts. 
• 
Two effects reduce the amount of ther- 


mal energy radiated by the nuclear explosions 
below the surface of the earth: a large amount 
of thermal energy is absorbed in fusing and 
vaporizins the earth; and the fireball that does 
develop above the surface is obscured to a great 
extent by earth that is thrown from the crater. 
Even relatively shallow underground bursts 
throw dirt up IS a cone shaped doud that 
screens surface taraets from thermal radiation 
eff~. 
• 
Since surface reactions are complex. and 
different types of surfaces react in differeut 
ways, the effects of underpound bursts are 
extremely variable. As a n::sult of these com- 
plexities as well as the fad: that tbcrmal effects 
from undeqround bursts usually lire unimPlf- 
tant compared to other effects. methods for pre- 
dicting thermal partition haft DOt been develop- 
ed for undapound bursts. 


( 


( 


-t 


( 


__ 1- _._. 


II 
Underwater bursts are similar to under- 


ground bursts in that thermal radiation is greatly 
reduced by the heat absorbed by the water and 
by the screening effect of water thrown from 


the crater. Thermal effects usually are insig- 


nillc:ant. For example, a 20 kt burst in 90 feet of 


water produced negligible thermal radiation. 


t 


Problem 3-5. Calculation of Thermal Partition 
for • Surfaca Bunt 
II F'qpue 3-18 contains a family of curves 


that provide an effective thermal partition for 
swface targets from nudear explosions that_ 
occur at heiBhts of burst peatei' than S WO·3 
feet and less than 180 WO·4 feel. A thermal par- 
titi\)Jl 0: C.21 should be used for surface targets 
for bursts 5 WO·3 fcct above or below the sur- 
face. Thermal partition for tarsets din:ctly above 
the burst should be obtained from F'J8l11'e 3-J or 
from the upper portion (above the dashed line) 
Ofl(!l 3-18._ 
EXDmple ... 
iven: A 500 let explosion at a height of 


burst of 300 fcct. 


. - -" 
Fmd: The effective thermal partition. 
Solution: From F'1gUIe 3-18, the effective 
thermal partition is 0.24. 
Answer: The effective thermal partition for 
a surface target is 0.24. The effective thermal 
partition for a target din:ctly above the burst is 
0.45 (from Figure 3-1. or from the intersection 
of the d.a.sneo line in Figure 3-18 with a yield of 


SOO let). The thermal partition for targets at 
intermediate altitudes would fall between these 
values. As a result of the uncertainties (see Reli- 
ability), the thermal partition for surface targets 
could fall between 0.44 and 0.1. and the thermal 
partition for targets directly over the burst could 
fall between 0.65 and 0.25. 


• 
RelJiJblliry: Interaction of the fireball 
with the surface produces complex effects. and 
thermal radiation from surface bursts cannot be 
predicted as reliably as thermal radiation from 
air bursts. Values of effective thermal pilrtition 
obtained from F'lJUR 3-18 are estimated to be 
reliabJe witbin ±D.20 if the 'Value is greater than 
0.33. If the value that .is read is less than 0.33, 
the lower limit of the expected range of values is 
40 percent of the value that is read. The same 
tolerance is estimated for the effective thermal 
partition of the fireball as seen from above. 
.. 
Related MluDilll: See paragraphs 3-1 
through 3-3. See also F'l,IUJ'e 3-1. 
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• 
THE THERMAL PULSE _ 


• 
Next hi importance to the radiant 
energy incident on a taraet is the rate at which 
the eneq;y is delivered. Dry leaves that receive a 
radiant exposure of 5 ad/cm.1· within a fraction 
of a second would ianite. but 'bight sunshinc 
produces the same raclia:nt 
~posute within' 
about 3 minutes without producins ignition. 


3-11 
Thermal Power·TIm3 Curve • 
• 
FlJI.UC 3-19 shows the power-time curve 


for a 200 kt burst at an altitude or 5,000 feet. 
The .shape is complcx, with three peaks showinB 
the results of competing processes (largely ass0- 
ciated with the chansing optical effects pr0- 
duced by the shock front) that alter the level of 
thermal radiation as the tueball evolves. Olanges 
. -in ·bw:st altitude and weapon design can chanae 
the number and sizes of the peaks. therefore a 
complete, seneral description of thermal pulses 
is~ex. 
_ 
If the C11l'VC of F"lJI.UC 3-19 is normalized 
and planed on linear graph paper it becomes 
much simpler, as shown in FJgIlIe 3·20. Also, 
since equal areas on the linear graph represent 
equal amounts of eneqy. the cwve in F"J&U.re 
3-20 is a more realistic: indication of the amount 
of thermal damage that each portion or the 
pulse can produce. The first peak, which lasts 
::::-.!::; :: ::3etion or a mmiseconcl and which con- 
tains slishtly over 0.1 percent of the ene:rgy of 
the pulse. cannot be seen. Evca the second peak 
is so compressed by the linear time sc;ale that 
~r 
it shows up as only a ftrticalline. 
. 


_ 
When the features of the thermal pm5e 
were first named.., 6tde more was known about 
the pulse than is Ihown in F"JpIe 3-20; conse- 
quently, these two peaks aDd the ftDey were 
calIec1 /Inr rfJIZ%Inrum. """ minimum. and sec- 
ond maximum. SiDce the eadier features of the 
pulse produce netIiIa"ble ... 1 .... many discus- 
sions ipore them; consequently. the names 
oriei:;aDy -.:ned to the later features stiD tend 
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I 


.. 


to be used even though these names are not 
strictly appropriate. In most of this chapter. the 
fea~ shown in F"J&U.re 3-20 are c:alled fust 
maximum, principal minimum, and fmal maxi- 
mum (i.e., the first maximum and first minimum 
shown in FIgUre 3-19 are ignored). The fust 
maximum of low altitude bursts is sometimes 
c:alled the shock exposure maximum, a name 
that suaests its physical orisin. However. this 
name does not apply at all altitudes: above 
about 60,000 feet. the mechanism responsible 
for the fust maximum cbanges. 


3-12 
Energy-TIme Curve • 


• 
The energy ame in Fipre ],20 shows 
the fraction of the thermal pulse eneJ"IY that is 
radiated by a given normalized time. For 
example, it shows' that 0.5 perCent of the energy 
is radiated pdor to pDnc:ipal minimum, that 
about 28 percent has been radiated by the time 
of fmal maximum, ad that 15 percent is radi- 
ated at times later than are shown on the graph. 


3-13 
The S1:anctn 1'hInnIII Pulse. . 


• 
Analysis of thermal radiation phenom- 
ena may be simplified by se1ectiDg the curves in 
FJIUI'C 3-20 IS beiDa .tepIeSCDtaDYe of thermal 
pulses in general. SiDce cbaD&es in yield, alti- 
tude, and weapon desip affect the shape of the 
pulse. use of such a standard is an approxima- 
tion. Fort1mately. this approximation is Je8SOn- 
ably accurate for most bnrsts below 100,000 
feet. The 200 kt bunt lit 5,000 feet was choseu 
IS the basis for the standard thermal pulse for 
this manual because bothyieJd and altitude ba'VC 
midranae values for typiQl thennaJ problems. 
• 
Both of the canes in rJIUI'C 3-20 appear 


in dimensionless form. 1b.e D()I'1N1izinc param- 
eters are 'ra as.' the time of fiDal maximum, and 
P ra all' the radiated power at final maximum. Of 
these parameters, the J:IlCJie frequently calc:u1ated 
is tm ax. which specifies the time scale of the 
eDtire tbemW pulse. Valaes or tm ax may be 


f" ...... ---- 


o 


) 


, 
'- 


... 
! • S. 
Ii 
":'- 
I§ 
delIS 
'0 
11; 
CD 
I~ 
..., e- 


~CD 
- 


IIi 


• 


CD 
@ 


Q 


!!I 
'" i 


t 


r 
\ 


8 - 


-• 


m 


~~ 
.. - 


I 
~~ 


:- 


G!lJ.YIGW ....,l:IiJNiI 'WNIH.L :10 J.NiI:)WlIci 
• 
a 


- 


.t.:.r.- 


o .. 


-- 


-- 


, . -- 


o 


1. 


:a:ta 
.~ 
. ' 


I-'~ 
H- '~::: L.I.-r 


~-::.. 


..,..... - , .. ; 
:.- 
_~-t ... :~- ~ 
. 
... .... _., 
, ...... ""!"'- -. 
~ 
-+- --. 
...:... -- -: :. .. ........... ..,). 
- .' ':'" 
!"""I"'" ..... 
. ~ ... 
~ :-H 


• 


• 


• 


... 


.. - 
• 
ft 
0 
d 
d 
d 
d 


"'4/41 "tlliIMOcI o!ZnWftlON 


• .. 
Jl 
II 
Z! 


~I 
or 
1-- 
~ 
. I 
~- 
5 
.!§ 
ui 
~ 1: 
t= 
Q 
• 
11/ 
~: 
() 
N 
::i 
1= !:i 
< Ii 
~ 
II: 
0 
Q,.~ 
z II; 
g 
~ 
e i- 
ii: 


( 


( 


• 


• 
obtained from Piswe 3-21. Data for altitudes 
above 100,000 feet should not be used without 
consultinB par88l'8ph 3-19. Values of t~ a. also 
may be obtained £rom the equation 


'max = 0.043 .,...a..3 (p/po )D.42 sec. 


where W is the yield in kilotons Uld p/po is the 
ratio of the air density at the altitude of intexest 
to the air density at sea'ievel. Equations for 
various thermal phenomena (including P max) 
&Ie summarized in paragraph 3-25. Table 3-4 
shows wlues of p/ Po as a function of altitude. 
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3-6. Cllculation of TIme to Final Maxfmum 
11 Figure 3-21 shows the time to tinal 


maximum as a function of weapon yield and 
burst a1titude. Va1ues of , 
obtained from 
mall 
rlgUl'e 3-21 can be used to convert the normal- • 
ized time scale in Figure 3-20 to actual time 
after burst. 
S Example. 
Given: A 2S kiloton explosion at an a1ti- 
tude of 50,000 feel. 
Find: The time of the fInal maximum. 
Solution: The value of t 
may be ob- 


tained directly by interpolatio;j~. FJgUrC 3-21, 
or it may be ca1culated irom the ~uation given 
in paragraph 3-13. 
Answer: From Figure 3-21. 


tmax ~ 0.078 sec. 


From the equation 


tmax = 0.043 (Jtl)0.43 CP/po)D.42. 
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I 


From Table 3-4. p/po = 0.153 at an a1titude of 
50,000 feet in a standard atmosphere. There- 
fore. 


tmax = (0.043)(25)0.43 (0.153)0.42 


= 0.078 sec. 


• 
ReliabilllJ1: FlgI.U'C 3-21 was obtained 
from a combination of theoretical and experi- 
mental data. A description of the manner by 
which these numbelS wete derived is given in 
paragraph 3-25. Additiona1 comments on the 
reliability are given in the subsection REU- 
ABIUTY OF nrERMAL SOURCE DATA. 
TUDes siven by this figure are estimated to be 
relle within :t25 percent. 
Re1D.ted Mateti4l: See paragraphs 3-11 
through 3-13. See also paragraphs 3-24 and 3-25 


2::ld Table 3-4. 
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3-14 
Effect of ThwmaI Pulse 
Duration _ 
. 
II For most taJpt materials and a particu- 


lar level of radiant exposure, there is a value of 
thermal pwse length that will produce maximum 
damage. If the pulse is too short, there will be 
too little time for the energy to penetrate the. 
material of an opaque target. Consequently. the 
heat is conImed to a thin surface layer. This 
myer "ill "r.lporize rapidly. and will carry the 
deposited energy away with it. Often, this vapor 
will be in the form of smoke. which will shield 
the target from later portions of the thennal 
pulse. If the pulse is too long, a thin target (e.g .• 
paper) will dissipate the heat as it is received or a 
thick tuBet will absorb the energy harmlessly in 
a thick. layer of material. 
_. _ 
For the types of ~age that rec:eive the 
most attention - ignition of waste materials and 
skin bums - 
most nuclear bursts produce ther- 
mal pulses that are longer than the pulse that 
would produce maximum damage. Conse- 
quently. in almost every situation a shon ther- 
mal pulse is more damaging than a long one. 
Short thermal pulses are produced by low yields 
and high burst altitudes. 


• 
The reasoning that bas been applied to 


different thermal pulses also can be applied to 
different portions of the same pulse. The first 
1'u.Uc: ~ WWuiNrtant because of the small total 
enerzy that it contains. The final pulse radiates 
about 70 percent of the total pulse eneray by 3 
tm ax' and this portion of the pulse produ.c;es 
most of the thermal damage. Another 1 S per- 
cent of the pulse eneqy is radiated between 3 
t max and 10 tmu' 'Ibis also contributes to 
thermal damage, but with reduced effectiveness 
because ~ of the lower power level The remain- 
ing 1 S percent of the pulse is released after 10 
tm as so slowly that it fails. to add significantly 
to the total thermal damage. 


3-15 
Effect of ~ 
on 


Put. Shape." 
_ 
Although both yield and altitude affect 


th~pe of the thermal pulse. the effect of 
altitude is the more severe. Below 100,000 feet, 
the changes are relatively minor. As illustrated in 
FIgUre 3-22. higher altitudes increase the relative 
width of the uf"lISt" pulse, which now contains 
suffICient energy to produce significant damage 
in some situations. The higher altitudes also d~ 
crease the depth of the principal minimum. The 
width of the final pulse on the dimensionless 
plot remains about the same, and the standard 
pulse shape is still a fair representation of the 
ability of the thermal pulse from a burst at 
100,000 feet ,,, produce damage. Thermal radia- 
tion damage to materials is discussed in Section 
1lI, Chaptl 
9, and thermal injuries are discussed 
in Section 11, Chapter 10. 


• 
Figure 3-23 shows a thermal ~ulse that 


was c:3J.culated for a 200 let burst· at an altitude 
of 40 km (131,000 feet). Between 100,000 feet 
and 131,000 feet, the pulse shape changes dras- 
tically. The principal minimum has disappeared. 
·and even a logarithmic plot of this power-time 
cu.rve would show only a single maximum. These 
differences in shape are caused by low air den- 
sity (about 0.33 percent of sea level density) and 
the resulting weakness of shock. wave effects. 
(As disctJSSed in paragraph 3-25. the oscillations 
in the power-time curves of low altitude bursts 
depend stronslY on the optical properties of the 
shock wave.) 


3-16 The EfIKts of n.meI 
Put. Speci6cations on 
'Th8nMI Pao titiu.1 • 
• 
The time at which the prompt thermal 
pulse ends must be specified in order to deime 
the total eneJBY of the thermal pulse. Among 
the logical choices are the foUowing: 
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• Since the energy Jadiated after about 10 
t max produces little damage, 10 I~ax is a 
logical cutoff time. 'Ibis choice would have 
the effect of increasing the height of the 
energy curve so that it reaches 100 percent 
at 10 'm ax in Figure 3-20. 
• 
• At times on the order of 20 or 30 t 
, 
fi ball 
dia · 
'-___ 
max 


lJ'e 
ra 
tIon ~mes difficult to mea- 


S\:re; therefore, the experimentally mea- 
sured thermal pulse typically ends in this 
time range. 


_ 
Precedent may be found for either alter- 


native. The definition selected in this chapter is 
approximately equivalent to the second choice 
listed above: the portion of the pulse after 10 
'm ax. is a..'1.Signed a value of IS percent of the 
total pulse energy. 'Ibis defmition of the prompt 
thermal pulse agrees within a few percent with 
the thermal pulse as described in most reports 
on thermal pulse measuremer.ts and on thermal 


~eeffects. 
_ 
Reports of theoretical calculations of 
the thermal pulse usually deime the pulse energy 
i, a way that corresponds roughly to the fIrSt 
aItemati'\o"C. The reason is a purely practical one: 
since calculation of the pulse beyond I 0 'm 
is 
-th 
ax 
neI er accurate nor economical. the calcula- 
tions usually are terminated at about 10 tmu - 
The renorted energy content of the pulse is the 
energy contained in that portion of the pulse 
covered by the calculation. In reports describing 
these calculated results, a radiant exposure of 
8.S ca1/cm2 may imply the identicat thermal 
pulse that is implied in this chapter bY a radiant 
exposure of 10 cal/cm.'-. SimiJarly. a thermal 
partition of 0.34 IS Jeported. for example, in 
DASA I !i89 (see bibliography) is reported in 
this chapter IS approximately 0.40. 
• 
The use of a standard thermal pulse 
introduces another ,problem. Since different 
thermal pulses have different shapes. the con- 
YP.'I'Iience of a standard pulse requires some sacri- 
fice in accuracy. To minimize the effects of this 


loss in accuracy, the most damaging portion of 
the pulse is matched carefully but substantia] 
errors are tolerated where power levels are low. 
Comparison of the pulse for 200 let at 100,000 
feet (FtgUfC 3-22) with the standard pulse (Fig- 
ure lo20) shows that the two pulses are nearly 
equivalent near the time of fmal maximum but 
ql:>te 
different at late times. 
To achieve this match, all parameters, 
indu . g thermal partition, are chosen to give 
the correct power level and time scaJe at the 
time of imal maximum. For the burst at 
100,000 feet, the value of thermal partition so 
chosen is a. few percent higher than a value baseti 
solely on total thermal enetgy. The standard 
pulse shape implies a level of late time radiation 
that tbe c3JcWated thermal pulse for J :0,000 
feet fails to maintain. To match the bigh power 
portions of the calculated pUlse to the standard 
pulse shape, thermal partition must be made 
artificially bigh. 
.. These matters of definition present no 


pamadar problem within this manual. Thermal 
pulses below 100.000 feet are specified so that 
the standard pulse shape, the assigned value of 
thermal energy. and the time of fmal maximum 
imply a pulse that provides a dose match to the 
actual pulse in its ability to produce thermal 
damage. On the other hand, the user must keep 
these details in mind if he wishes to compare 
thermal data IS given in this chapter with similar 
data from other sources. 


• 
FIREBALL BRIGHTNESS • 


• 
The surface of a n1!clear iareball is many 
times briahter than the surface of the sun. The 
image of the fiIeball, brought to a focus on the 
retina of the eye. can produce bums and 
rermanently damage the area covered by that 
image (see paragraph 10-20, Chapter 10). Fare- 
ball brightness is therefore one of the important 
parameters of the thermal'source . 


• 
A detailed study of eye damase also re- 
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, 


• 
. rJI: 
quires knowledge of the spectral distribution of 
thermal radiation an4 the transport properties of 
the air as a function of wavekmsth; however. the 
present discussion it limited to the most impor- 
tant and most easily used parameter. su..-face 
brightness. This quantity may be measured in 
terms of the total power per 'lD'lit area radiated 
by the fll'Cball. Convenient 'lD'lits are watts/crrl: - 
Brightness of the sun provides t'! D'Sefu1 standard 
for comparison. As viewed from outside of the 
atmosphere, the surface brightness of the sun is 
6~watts/cm2 . 


_ 
For bursts below 100,000 net, the ap- 
proximate brightness of the fueball at fmal max- 
imumis 


2.7 x 10' 
B = 
watts/cm2 • 
WCU4 (PI Po )G.42 


.• --Where W is yield in kilotODS and p/po is the ratio 
of ambient air density at burst altitude to 
ambient air density at sea leveL 1bis equation 
gives a rough approximation of fQ'eball bright- 
ness: more complete and accurate data for a 
particular yield and altitude may be found from 
the equation. 
P 
B=---~- 


4 :II; 10' ... R~ 


wbere P is power in watts radiated by the fire- 
:....=: .:.. • .! .":r ~ 5reball.radius in meters. Values of 
P and R, as functions of time may be found for 
a wide ranae of yields and altitudes in "Theoret- 
ical Models for Nuclear rll"CbaDs." DASA 1 S89 
(see bibliosraphy). 
., 
111 Scattered liBht from a nuclear fireball 
can contJibute to tempcnry fIashbliDdDess, but 
it is too diffuse to p'Oduce I8t:iJW bums. Couse- 
quentJy. the din::ct flux from the Dudear fireball 
is the only paramc!er of interest in the study of 
eye damage. Tratiiiidttance adcG1ations are not 
appropriate, because they i1Idude scatteJ1:d as 
well 85 direct flux.. 
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_The direct flux received from a low alti- 


tude burst (burst height about 1/4 mile or less) 
is attenuated by the factor 


where Td is the transmission coefficient of the 
atmosphere for direct Dux, R is the siant range. 
and V is visual ranae. For higher altitude bursts, 
the transmission coefficient is 


-T(b) .!. .!!. 
T = e 
b v 
d 


where rl.h) is optical thickness of the model 
atmosphere with 16-mi1e visual range Wigure 
3-!fd h is the height of burst. 
These equations give averqe attenuation 
for 
e entire fireball spectrum and underesti- 


mate the amount of infrared eneqy that the 
atmosphere can b:ansmit. Since infrared con- 
tributes substantiaUy to eye damage, exposure 
to rD'Cball radiation may be somewhat more 
serious than the equations given above would 
indicate. rJIUI'CS 10-6 ~ugh 1()"10 provide 
estimates of safe ICparation distances for eye 
Ji( 


for various observer and burst altitudes. 
Ooud layas attenuate direct flux more 


than 
ey attenuate radiant exposure. A cloud 


layer between the burst and the ground will pr0- 
duce the approximate attenuations shown in 
Table 3-3. The transmission coefficients shown 
in Table 3-3 are based on Yisiblelight. but they 
are expected to apply to the entire fireball spec- 
trum within the limits to which a tmnsmission 
coefficient caD be matched to a putic:ular sky 
condition. 
.. 
THE THE~LSE FROM 
SPECIAL WEAPONS .. 


_ 
As stated in ~ph 
2-45, Chapter 
2, weapons that haw eDbanced radiation out· 


( 


( 


1 
- 


( 


Table. 3-3. II Attenuation of Direct Thermal Radiation by a Cloud or Hlze Layer _ 


Type of 
Atmosphere 


Very clear 


Oear 


Ught haze 


Medium haze 


Heavy haze 


~ 


Description of Sky 


Visual range is 25 miles or more. 
This 


condition is rare except at high altitude 
locations. 


Sky deep blue. Shadows are distinct 
and dark. 


Sky white; dazzling near the sun. 
Shadows 


visible, gray. 


Sky bright grayisb white. 
Can view sun 


without discomfort. Shadows are vis.ible 
but raint. 


Sky duD gray-white. 
The sun's disk is 
just visible. 
Shadows are barely discernible. 


puts, i.e., weapons that produce a large fraction 
of their output 
form of netltrcms. 


Transmission 


Coefficient 
for Direct flux 


90.0% 


80.0% 


3.0% 


0.1% 


0.OO3~ 


as ther- ft 


mal and kinetic eners:Y of the weapon debris (see 


than a nominal Weapon of the same 
paragraph 44, Chapter 4). Such a source sexves 


yield.. Similarly, the ·thermal pulse from such 
as a convenient starting point for calculations 
::.pcci;U weapons may be weaker than that frOm a 
involving weapons with other characteristiQi.. 


nominal weapon. The explanation for the Ie- 
The procechues descr."bed in this subsection 


dueed thermal output is the same as the explana- 
apply to burst altitudes of 100,000 feet and 
tion for a weaker blast W&Ve: neutrons, pmma 
lower. 


rays, and .. _:,r. energy X-rays travel muCh farther 
~17 Effective Thermal YI8Id 


through the atmospheJc than the eneqy fro~ a 
. • 
conventiOil8l weapon; therefo~ a larRe portion 
of ___ We8pOus 


of the weapon enersY may be a~ 
by air 
_ 
The modif .... ed thermal effects pro- 
far from the burst. This air will not become suf-•• ...f dueed by we8poas with enhmced outputs may 
fici.entIy hot to contribute effectively to either 
be calculated in terms of an effective thermal 
the blast wave or to the thermal pulse. 
yield. This is cle&ed as the yield that a nominal 


• 


The termS "nominal weapon" and 
warhead would have in order to radiate the same 
"conven onal weapon" used in the precedjng 
thermal meq:y' as the spec:ial weapon. Effective 
parasraph refer to a nuclear weapon that neli- 
thermal yield should not be interpreted to mean 
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I 


'. 


• 
eneqy radiated (a quantity sometimes 
assigned to the term "tbermaI yield"). Effective 
thermal yield means the effective JNZlue 0/ 101111 
yield fB be used in thentllll CIIlcuIations. 
~e 
concept of effective thennal yield is 
an 1!lIIIsimplification. and it cannot describe the 
performance of special weapons precisely. For 
example. the effective thermal yield calculated • 
on the basis of time of imal maximum will. in 
general. be slighUy different from the effective 
thermal yield that gives the correct value of total 
thermal eneIBY radiated. A still different effec- 
tiVe thermal yield would predict the correct 
PQlat imal maximum.. 


In this subsection. effective thermal 


yie d is the value that gives the correct value for 
therm.- -cnCIBY radiated. bec:ause. in most appli- 
cations, this is the most important of the ther- 
mal parameters. Other parameters may be calcu- 
.. "Jat~ by using this same value of effective ther- 
mal yield, but the calculation will be somewhat 
less accurate than if the procedure had been de- 
signed to calculate those parameters. 
~Effective thermal yield is roughly the 
amount of energy that the nuclear source de- 
posits within a sphere the size of the fireball at 
the time of the principa!- minimum. This radius 
is 


R~t::1 = 
9S ft1O-36 feet 
(PIp )0:22 
0 


29 W03' meters" 
= 


(PIp )0:22 
0 


where JV is the weapon yield in kilotons. p is the 
ambient air density at the baat altit:ucle. and Po 
is the ambient dcDsity at .. leveL Table 34 
shows the ratio PlPo as a function of altitude. 
EnCIBY that is deposited beyond the radius 
R.ua is 8SSi.DI1Cd to make • DeJtiIl"ble contn"bu- 
tion to the energy radiated by the fireball. 


I , 


~- 


Tlble 3-4.11 
RebltiYe Air Density. I 


Function of Altitude • 


Relative 
Relative 
Altitude 
Density,- 
Altitude 
Density,- 
(feet) 
p/po 
(feet) 
p/po 


0 
1.000 
80,000 
0.0361 
1,000 
0.971 
85,000 
0.0284 
2.000 
0.943 
90,000 
0.0224 
3,000 
0.915 
95,000 
0.0176 
4,000 
0.888 
]00.000 
0.0]40 
5,000 
0.862 
]10,000 
8.69-3t 
)0,000 
0.739 
120,000 
5.43 


]5.000 
0.629 
130,000 
3.45 


20,000 
0.533 
]40,000 
2.22 


25,000 
0.449 
]50,000 
US 
30,000 
0.375 
]60,000 
9.77-4 


35,000 
0.311 
170,000 
6.69 
40.000 
0.247 
180.000 
4.65 


45,000 
o.J94 
)90..000 
3.22 


50,000 
0.153 
200,000 
2.22 


55.000 
0.121 
210,000 
J.54 
60,000 
0.0949 
220,000 
1.05 
65,000 
0.0747 
230,000 
7.05-5 
70.000 
0.0586 
240.000 
4.62 


75.000 
0.0459 
250.000 
2.60 


• 
Since the size of the firebaU. is deter- 
mined"" by the thermal eneray it contains, it 
would be JosicaJ to let IV represent effective 
thermal yield lather than total weapon yield. To 
do this requires a trial-and-error approach. Effec- 
tive yjdd is unknowu UDtil the equation JiveD 
above has been solved and the CDCl'JY deposited 
within Rm .. bas been determiDed. In practice. 
the accuracy of this method for caJc:ulating 
effectiwe therma) yield is" suftic:iCDUy uncertain 
that this refinement is seldom justified. Unless 


o 


I 


-----_._-- 


( 
II 
tbe cffedive tbemul yield is Jess than half' of the 


c 


( 


total yield. it is JeCOJJUDended that W· bi iqUaie~ 
in the equation. '. 
-: . 
To determine the amouni of eJi~ 
within a radius 
i.'of the bm:St.;~tl 


form of the 
be dcu:rmi~ 


COIlwned within Rlfl ill are: 


1. rmd the scaled radius 


(P/po) RmiD .. 95 JV036 (p/pojl78 feet 


= 29 JtlG36 (P/pofJ-78 mete:rs. 


This is the path Jenath at sea I.evel that passes 
through the same amount of air that a path of 
length Rlfl ill passes throUlh at the buISt altitude. 
Use of this scaled radius makes furtber sc:aIiDg 
unnccessa:ry. 
. 
2. Assume that 100 perceIlt of the debris is 


- ...... ~ 
within the radius. 


of 


aamma ray fIIl!I&Y thU is deposited within Rlfl ill 
of the bmst.,:'he Illey pmma photon curve m" 
Fi&ure 3-24 is approximately tepleset.Itative of 
tl:'! e:t:rgy deposition properties of the samma 
spectrum of a nuclear weapon:: 


C3ic:ula1tion is then 
on the 
tlMw value of scaled radius. 
__ The effective thermal yield calculated by 
the procedures described above may be used to 
calculate other thermal parameters by the 
methods dcscn'"bed in precedinJ parasrapbs. For 
example. the effective thermal yield may be 
used as the weapon yield to calculate thermal 
partition as described in parasraph 3-1. 


3-18 'TIMtnMI Pu .. ~from 


Special ...... - 
_ 
The two properties that characterize 
special wa.pons fm the sense that the term is 
used in this chapter) are that the initial dep0si- 
tion of eneqy 6Us a Ia:qe volume and that the 
density of the deposited enerzy drops sraduaDy 
with distance from the point of bwst wIleD com- 
paled to DOm.inal weapoas. lbe early firebaJI of 
• conventional wa.pon rapidly develops a 
sharply defined ed&e. formed ""y the shock 
front. 1'be sbarply defined ed&e results in a 'lei')' 
brilht firebaJl; the diffuse fireball fIom an ca- 
banced wapon. is reJat:iftIy ~ 
becamiD, 
briaht only whea. the shock "IIIrIft propqates 
throuah the iac:adelceat n:aioD of the iDitial 
- ... , - 
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Problem 3-7. c.lculation of !he Effllctive Thermal Yield 


of. HOtX.....,W ..... _ 


_ 
ParairaPh 3-17 outHnes six steps to 


be used together with Figure 3-24 to determine 
the effective thennal yield of weaporut with 
enhanced radiation outputs. The effeyti.ve ther- 
mal yield thus obtained is used in place of the 
",upon yield to calculate the various thermal 
pa:rametel$ as described in precediDg paragraphs 
of 


_ .. -_._------ 


See Pll'lll'8Pbs 3-1 
tbnllUlb 3-6. 3-ITad 3-18. See also parqraphs 
4-4 thIouah 4-87 Qapter 4. 
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HIGH ALTITUDE THERMAL 
PHENOMENA 


are 
limited. so the methods described are 
based on information that is sketchy at br~". An 
additional problem aff'eds theoretical ~~:. the 
approximations necessary to limit computer pro- 
pa:ms to a usable size become poorer at higher . 
altitudes. Although many points of agreement 
exist between experimental data and the corre- 
sponding computer calculations. the confidence 
that can be placed on theoretical results is less at 
high altitudes than at low altitudes. 


3-19 Them1fd Par'iition III 
.~. 
_ 
Two factors affect thermal partition at 


~titudes. First. shock waves form much .less 
::::'!:!:'. l:l :be thinner air; consequently the fire.. 
ball is able to radiate thermal eDeqy that would 
have been traDsformed. to hydrodynamic energy 
of the blast wave at lower altitudes. Second. the 
tbiJmer air allows eae!IY from the, nuclear 
source to travd MUCh farther than is possibie at 
sea leve!. Some of this CDClD' traveJs so far from 
the source tbat it maltes 110 contribution to the 
eDlCODbined in the firebaD.. 
In aeneral, the first of these factors be- 
co 
effective between about 100.000 and 


140.000 feet, and, as a result. thermal efficiency 
rises. Above 140.000 feet, the second factor be- 
,;c;:rics :''>.e more important and efficiency drops. 


I 
, 


in the Jft¥ious subsection on special 
WiiiDOiDs. this method mquims that 'the X-ray 
output of the weapon be represented by the sum 
of several black body spectra. The eneizy density 
• 
deposited at a Jiven l'IJIIC may then be obtained 
from F"1JUfe 3-25a or 3-2Sb. Briefly. the scaliDg 
procedure is !he foUowiDg: the energy tiE2 = 
2.500 cal/JI'D. is scaI2d by the equation 
, 


This equation is ~ 
fOl' tiE,. the value of 


eneqy to be read directly from F1JUfe 3-25a or 
3-2Sb. In this equation.. p/po is the ratio of 
ambient air density at burst' altitude to ambient 


1. '. 


. --... ------- 
.. 
,densit§ at sea level (Table 3-4). WI is a refenmc::e 
yield of 1 kt and W2 § the eMIlY. m Jc:ilotons. 
contained in a particu.Iar black body temperature 
~nt 
of the nucleal' source. 
~ 


~.1bC' saded radius Rl is read directly 
from the horizontal axis of ,Fagure 3-25a or, 
3-2Sb. lbis radius is related to the ,ae,tual radius 
R2 by the sc:aJ.ins equation 


Rl _ P 
R2 - 
Po 
. ' 


Howc'VeI', the rest of the problem does not re- 
quire that R2 be known; the calculation is based 
onlY on the scaled radius RIO In general, R1· is 
determined by more than a siDg1e spectral com- 


. _ --POIlent; the way in which this ~~on 
is pel. 
formed is made clear in Problem 3-7 • 
.-. The method of treating .!febris, pmma. 
anftutron enetIY is identical to that dcscr:ibed 


3-20 High Altitude ,...,.... 
Pulse Duration III 
_ 
Since the tbcmnaJ pulse &om a high aIti- 
mr explosion rises to its maximum in an 
extremely short time and dectines fro~ that 


\ . 


time (seet Fiaure 3-23), pulse duration no 10nser 
can be specified in terms of the time to fmal 
maximum. A number that is useful in many 
applications is '70' the time required for a pulse 
to deliver 70 percent of the total CDCrsY. At low 
altitudes,' 
' 


and it fonows tt.at at !Ugh altitudes it might be 
possible to assi6l' an effective time of fmal maxi- 
mum such thiat 
• 
'" • -:. 
•• 'IIII/IIW '" 
., 


t"'~ . 
(effectiVe) "" ;;0/2.9 .. 


Analyses of a limited DUmber of com- 
calculations of hiIb .. titude burst 
phenomena show the foUowiDa trends: below 
80,000 feet, the equation holds within the 
scatter of the data; aboft 80,000 feet, the ther- 
mal pulse is dcliveted more rapidly than this 
equation prediccs. until at 160,000 feet the 
pulse is only about a third as Iona as predicted 
by th~ equation, aboft 200,000 feet, the pulse 
approaches and, in one c:ase, exceeds the pre- 
dieted value. This beba'vior is shown in Fagure 
3-26. 
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- ." Problem H. ·c.lculatian of n.nn.I Energy AIICIiItad from 


• • Hi.. Altitude &pIauan 


_ 
F~ 
3-25& ~~ 
.. 3-2Sb~'~O~ the den- 


sity of deposited· enelB)' from various tmeIBY 
sources as a function of range from a 1 Idloton 
explosion at sea leveL These figures. tOFtber 
with the equations siven jn paragraph 3-19 pro- 
. 'ride the means to determine the thermal eDCllBf 
radiated by various ~ 
at bum altitudes 


'between about ] 20,000 feet and 250,000 reei. 
If the burst altitude DO between 100 kft IDd 120 


• kft, thermal partition should be obtaiDi=d by 


interpolation between the thermal partition 
obtained for 100 kft by the methods described 
in paragraph 3-1 and the thermal part' -.')n dei:u- 
mined by the methods illustIated ~ow. If the 
buJst altitude is above 250.000 feet, mer to 


pantgl'3.J~b 3-21. 
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CircUlations indicate that at heiahts 


at or above about 290.000 feet the 


incandescent air heated by absorption of X-rays 
from the explosion is approximately at the same 
altitude, regardless of the actual height of burst. 
The heated region then reradiates at the longer 
wavelengths which could reach the pound. The 
reradiating region is in the form of a frustum of 
a cone, pointing upward, with a vertical thick- 
ness of approximately 4S,OOO feet and a mean 
altitude of 270.000. At this altitude. the radius 
of the frustum is rougbJy equal to the difference 
iJ<awcC::JI UtC hei&ht of burst hand 270.000 feet. 
ie., h - 270,000 feet. Consequently, as the burst 
altitude increases.. the radius of the radiating 
region becomes greater but its thickness and alti- 
tude remain l'O'UsbJy const&llt. The shape of the 
region thus approaches a thick disk centered at 
about 270,000 feet altitude. 1be debris enersy 
still is contained fairly locaDy until the heiBht of 
burst reaches the debris stoppin,g altitude of 
about 380,000 feet (see Table 8-1, Chapter 8). 
but the main effects of thermal eDerJY delivered 
as a result of debris deposition at these altitudes 
are flashblindness or retinal bums (see Section 


n. OIapter 10). The total thennal enelBY emit- 
ted 1$ a result of the debris deposition is masked 
by that eneJ'IY emitted at lower altitudes IS a 
result of X-ray deposition insofar as total energy 
]l; 


hes the earth is concerned. 
About one-fourth of the X-ray energy 
from 
explosion is absorbed in the low den- 
sity air of the reradiating region. and only a 
small fraction. which decreases with the height 
of burst, is reradiated as secondary radiation. 
Consequently, oDly a few percent of the weapon 
CIlCIBY is emitted as radiation capable of causing 
dama&e at the earth's surface. In fact. for bursts 
at altitudes exceeding about 330.000 feet the 
thermal radiation from a nuclear explosion even 
in the megaton ranae is essentially ineffective on 
:M 


und• 
lf the horizontal distance d from ground 
, u:., from the point on the ground immedi- 
ately below the center of the disk-1iJc:e tqion. to 
the position where the incident thermal energy 
is to be calculated is less than the height of 
burst, h. the source may be regarded as being 
located at the median radius of the disk in an 
altitude of 270,000 feet; this is indicated by the 
point S in rJgUl'e 3-27. Hence. for the target 
point X. the appropriate slant range is given by 


R (kilofeet) = {(270)2 + [1/2 (h - 270) _ d) 2} 1/2. 


with d and h in kilofeet. This expression holds 
even when d is greater than 1/2 (II • 270); al- 
though the quantity in the square brackets is 
then neptive. the square is positive. The slant 
ranae. Ro' for ground zero is obtained by setting 
d equal to zero; thus. 


Ro (kilofeet) = [(270)' + 1/2 (h _ 270¥] 1/2.. 


It the distance d is IfC8ter than the height of 
burst. and equivalent point source is located at 
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M.DDLE OF 
RADIATING REGION 


F' ...... 3-27. II EquMilent Point Sou.. • MediIn Rldius 
WMn tMight at Burst ea.:.ds DiIDnat of 


T..,n. X. from Ground Zero II 
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• 
the center of the radiatina disk at 270,000 feet 
altitude; then 


R (kiJofeet) • [(270)2 + d2) 112. 
. II The calculations asmmed that 80 pel'- .. 
cent of the total yield is emitted as X-ray energy 
and that 25 percent of this energy is absorbed in 
the radiating disk region. Hence, 0.8 x 0.25 = 
0.2 of the total yield is absorbed. For calculating 
the radiant exposure, the total yield W iD the 
equations in paragraph 3--2 is consequently re- 
placed by 0.2 W. Furthermore, the equivaJent of 
the thermal partition is called the "thermal 
efficiency." E, defmed as the effective fraction 
of the absorbed energy that is reradiated. Hence. 
if R is in kilo feet, the equation for radiant expo- 
....sure given in paragraph 3--2 becomes 


The values of E given in Fipre 3--28 as a func- 
tion of height of burst and yield were obtained 
by the theoretical calcuJations mentioned pre- 
viously. The transmittance may be estimated 
from Figure 3--1 S. but no serious error would be 
involved by setting it equal to unity for the large 
bUrst heights involved. No attempt should be 
maoe lU UlLerpolate between values of radiant 
exposure obtained for a burst beiebt of 250.000 
feet bv the method described in parasraph 3--19 
and the values obtained for 290,000 feet by the 
method descnbed in this parapapb. If values 'of 
radiant exposure from bursts between these alti- 
tudes are desired, it is RCOJDII'M!!Pded that the 
. radiant exposure be calculated for each altitude 


(250.000 feet aud 290,000 teet) and that the 
bi&bcr or lower value be taken as an estimate. 
depending on the diredion of conservatism that 
is desired. 
. 
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• 
RELlABU~ OF THERMAL 


SOURCE DATA _ 


_ 
Most of the thermal radiation source 
da-nresented in this chapter were obtained 
from the series of computer runs reported in 
DASA 1589, "Theoretical Models for Nuclear 
F1l'eballs" (see bibliography). These data are not 
purely theoretical: development of the com- 
puter code included comparisons of calculated 
results with experimental data, and adjustments 
in the assumed weapon characteristics were 
:IE 


result of these comparisons. 


The advantages of computer data (pro- 
vi 
t this choice can be justified) are: 
(I) 'Ibis method eliminates many random 
errors that are inh',:ent in '~xperimental data. 
These random errors include uncertainty in the 
exact value of nuclear yield. instnLment errors, 
uncertainty in atmospheric -transmittances, 
bluning of some results as a resu!t of fmite time 
resolution of certain instruments, and uncer- 
tainty in the methods for transforming measured 
data to the parameters required for thermal 
calculations. 
(2) Computer calculations can generate a 


laJBe amount of data for a wide range of yields 
and altitudes that are not available from 
experiments. 
(3) Errors that appear in the code results are 
likely to be consistent; therefore, the code 
probably predicts the trends produced by 
changes in yield or altitude more accurately than 
it 
the results of any indMdual burst. 


The disadvantage of using the code is 
best it pes only an approximation of 


the many processes that determine, directly or 
indirectly, the amount of thermal eneI'BY tad!- 
ated. The method of accounting for spectral 
absorption lines is au example of the approxima- 
tions that are required. A subroutine stores data 
for 1 S 1,528 different spec;trallines, yet this is a 
smaD fraction of the number of lines that affect 
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- 
radiative trulSpOrt within the fileball. 
_ 
Justification for using the code is the 


~ent between cOde ~ts IIIld measured 
data. The most striking areas of agreement are: 
(1) radius-time data. which are the most 
accurate experimental data. ad (2) the ability 
of the code to reproduce intricate details of iae- 
ball evolu~on such as the fluctuations of the· 
power-time curve (F1JUIe 3-19) ad the complex 
]I 


observed in high altitude faeballs. 
Unfortunately, the code-calc:ulated 
etem that are of more direct interest in 
this chapter (e.g., thennal partition) cannot be 
confirmed as accurately by experimental data. 
Since uncertainty in the experimental data gen- 
erally is as great as the discrepancy between 
theory and experiment, the experimental data 
prov':"e no clear indication of the reliability of 


_th!= ~de results, e.g., the code reproduces ob- 
served iueball phenomena within the accuracy 
of most test measurements. 
_This agreement has been obtained by 
comparisons of early code results with experi- 
mental data; however, changes in the code have 
never taken the fonn of arbitrary correction fac- 
tors. Two exampJes illustrate the procedure used 
to rorrect the code. 


_ 
The code, as originally written, did not 


p~ 
the correct level of radiation. during the 
first maximum. Analysis of the radiative prop- 
erties of the shock front revealed that a shock 
precursor (discussed' in paragraph 3-25), a wry 
thin layer of heated air ahead of the shock front, 
determines the radiative properties of th~ fire- 
ball during this interval. The fine structure qf 
this precursor was lost by the approximate 
methods that were required to represent the 
. shock front on the computer. A possible solu- 
tion, much finer zoning in the region of the 
shock front, was rejected as lDleconomical; how- 
ever, a separate prosram. to calculate shock-wave 
properties save results that ~ 
with the ob- 


served first maximum. 'Ibis separate program 
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was used to correct the radiation level that was 


illlllStr:atic)DS show that the com- 


results are based on physical data. In a 


sense, experimental data are represented indi- 
rectly because they indicated the parts of the 
computer program that should be examined 
more closely. Nevertbeless, agreement be~n 
code results and observations indicate that the 
physics of radiative transport and hydrodynamic 
motion is lDlderstood well enough that the com- 
puter program is an adequate representation of 
the fireball itself. Therefore, in this chapter 
these code results are tentatiwly accepted as the 
preferred SOU!'Ce of data concerning the source 
ofthennai radiation from nuclear fi..-d>aI!s. 


_ 
RELATION OF RADIANT EXPOSURE 


TO PEAK OVERPRESSURE II 
_ 
In many weapons effects problems, the 


~p 
is to determine which nuclear effect 
establishes the damage radius for a given burst. 
The series of figures in this subsection (FIgUre 
3-29 through 3-56) show radiant exposme and 
peak oveapaessure as a function of height of 
burst and ground distance for 7 yields. The 
curves in these figures provide an aid in the 
determination of whether. hJast or thermal ef- 
fects will be more important for specific situa- 
tions. Four families of curves are presented for 
. each yield. In each case the first two families of 


() 
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II 


~ 
, 
: 
. 
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curves are for no atmospheric attenuation of the 
"thermal radiation, i.e., the worst case thennaJ 
exposure, and the second two faD\ilies of CUJVes 
are for a visua1 range of 16 miles (a clear day). 
Table 3-S shows a summary of the data pre- 
selin the figures. 
These CUJVes reflect the data presented 
in 
r~ceding paragraphs of this chapter and the 


free field air blast data from Olapter 2 accurate- 
ly for the yieJds and conditions shown on each 
flgUIej however, they do not provide the answers 
to all potential problems. C.g., only 7 yields are 
included. and no data are presented for visual 


. 
. 


ranges Jess than 16 miles. lhe CUJVe5 are in- 
tended to be used as an aid in determining the 
relative importance of blast and thennal radia- 
tion. lheir use can be extended beyond the 
particular values that are plotted. For instance, 
the value of radiant exposure obtained from the 
curves for DO atmospheric attenuation may be 
converted to the value for any visual range by 
multiplying by the transnUttance appropriate to 
the given conditions. Interpolation between 
yields will provide a [llSt order. and frequently 
sufficient. estimate of the more important 
effect. 


Table 3-5.11 
.-1- 
II 
Summary of BIISt-Thermal Curves 


Figure 
Yield 
Atmospherie 
Blast Values 


Number 
(tt) 
AttenuatiOn 
(psi) 


3-29 
0.01 
None 
10-50 
3-30 
O.OJ 
None 
1- 4 


3-31 
0.0] 
] 6 Mile Visual R.3?se 
10-50 
3-32 
0.0] 
16 Mile Visual Range 
1- 4 
3-33 
0.1 
None 
10-50 


3-34 
0.1 
None 
1- 4 
3-35 
0.1 
16 Mile VISIJal Range 
10-50 
3-36 
0.1 
"16 Mile VISUal Range 
1- 4 
3-37 
].0 
None 
10-50 


3-38 
1.0 
None 
1- 4 
3-39 
].0 
16 Mile Visual Range 
10-50 
3-40 
1.0 
] 6 Mile Visual Range 
1- 4 


~"'1 
10 
None 
10-50 
3-42 
]0 
None 
1- 4 


3-~3 
10 
16 Mile VISIJal Range 
10-50 
3-44 
;0 
16 Mile VISUal Range 
J- 4 


3-4S 
JOO 
None 
10-50 
3-46 
100 
None 
1- 4 


3-47 
100 
16 MiJe; VJSUal R..uIF 
10-50 
3-48 
)00 
J6 Mile VIIWII Rmae 
1- 4 


3-49 
1.000 
None 
10-50 
3-50 
1,000 
None 
1- 4 


3-51 
1,000 
]6 Mile V.ISUII ltaDge 
10-50 
3-52 
1.000 
16 Mile Visual Raap 
1- 4 


3-53 
10.000 
None 
IO-SO 
3-54 
10.000 
None 
1- 4 


3-5:-; 
]0.000 
16 Mile Vu:ua1 Raaae 
10-50 
3-56 
10.000 
16 Mile Vuual Kmae 
]- 4 
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Figo.ire 3-29.11 F,. F'lIIId a.ctiant Exposure end Air B_ Ovet pleasure 
at !he Surfllce. • • Func:tion of Height of Burst and Ground Distance. 
for D.01 kilotons. No Atmospheric AttInUition. 
High av .... awre Region'll 


I 


- 


- 


- 


- 
o 
- 


• 
-- 
1"'"'\ 


~ 


.... 
! -I 


~. 


". 
_mt ... ·111= 
.'_'-'If L· 
f 
. 
"' ............. 


tJ) 


I~~.--~~---r--~·,~-r--.-~r--r--.-~r--r--,-~r-·-r--,--,r-I 
" "- 


12001 
"~O.t 
,~~~---t------~-----+------J 


~t.~ , , , 
" 
\ \ 


i eoo 
! 


~I 
~ 


1001 
h: 


1200 
1400 


o I 
' .... - 
I"",..r;,a,-- 
J.t!"""':' _,..".- 
",.,..... 
L- 
teOO 
o 
200 
400 
too 
100 
1000 


GROUND DISTANCE "Itt) 


FI..... 3.30. II Fret Field RldllRt Exposur. end Air Bilit OvIl'pt'IS.ur. 
at the ScArf,ce. II • Function of He""t of ews. ~nd Ground Distance, 
tor 0.01 kilotons, No Atmorpherlc Attenuation, 
Low averpt"l$Ure Region 111 
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Figure 3-31. II F.. Field RMiiIUlt Exposure and Air Blast averpi...,re 
at dw: SUrbCi. • • Function of Height of Burst lind Grvund Distance. 
for 0.01 kilotons. 16 Mile Visual Range. 
High Overpressure Region' III 
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FIgUre 3·32. II Free Field Radiant Expowre and Air Blast Ovarprsslure 
It the Surface. as a Function of Hel~t of Burst and Ground Distance. 
0.01 kllotollt. 16 Mile Visual nange, 


Low OverprelSure Region _ 
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P"",," 3-33. II r:... Field ~ 
Exposure lind Air 8_ ~ 
• the S'urfIII:». • • Function of Height of Burst WId Ground Disunce. 
far 0.1 kilotDN, No Atmospheric AttenuItion. 
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FllJUre 3·34. 11 Free Field Radiant Exposure end Air BI.11 Overpressure 


.t the SurflCl, •• function of Hel~t of Burst en;d Ground DistInCt, 


for 0.1 kilotons, No Atmospheric Attenu.tlon, 


low Overpressure Region II 
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Frgure 3-35. _ 
Fno Field 1Ucf..n Exposure .net Air_Blast Overpmsure 
8t 1he SurbcI. • • Function of HeiFt of Burst .net Ground DistanCe, 


for 0.1 kilotons, 16 Mile ViStaI fbngI, 


Hi .. Overpressure Region __ 
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Figure 3-36.11 Free Field Rldlant Expo.ur. and Air tlilit Overpressur. 
It the Surface, .. • Function of Heidi' of Bunt and Ground Distance. 


for 0.1 kilotons, 16 Mile VI.ual Rs;', 


Low Overpressure Region 11 
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Figure 3·37. II Free Field Radiant ElCposure and Air Blast Overpressure 
at the Surface, III • Funcllon of Htlght of Bllrst and GroUnd DI.tance, 


for 1 kiloton, No Atmospheric Allenuatlon, 
High Overpressure Rllfllon II 
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Figure 3·38. II 
Free Field Radiant eICPI)lure and Air Bllst Ov.fprftSUr. 
It the Surflce, as I Function of Height of Bunt Ind Ground Dlstlnce, 


for 1 kiloton, No Atmospheric Attenuation, 


Low Overprenure Region II 
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Figure 3·39. II Fret Field Rldlent ENpolure and Air Blast Overpressure 
•• the Surf.ca, It • Function of Height of Burst .nd Ground Distance, 
for 1 kiloton, 16 Mil, Visual Renge, 
High Overpreuure Region 11 
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Figure :J.4O. II Fret Field Rldllllt Eltposure Ind Air Blelt Overpressure 
et IhI Suffice. IS I Function of Hel~t of Burst e!ld Ground Distance, 


for 1 kiloton, 16 Mile VISUII.=:r, 
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FI~r. 3-4,.11 Free Field Redlll'lt Exposure Ind Air Blltt Overpressur. 
et the Surface. IS a Function of Hel~t of Borst and Ground Ol,tance. 


fot 10 kilotons, No Atmospheric' Attenultlon, 
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Figure 3-42.11 Free Field R.drlllt Exposure end AI, Blast Overpressure 
et the Surf.ce, It • Function of Hel~t of Burtt .nd GrDund Distance. 


for 10 kilotons. No Atmolphtflc Attenuation, 


low Overprusure Region III 
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Figure 3-43.11 frIe Field Radiant Exposure .... Air Blat 01_ pqaure 
-' the Surbce. • • Function of Height of Burst .... Ground Distance. 
for 10 kilotOns. 16 Mile Visual flInae. 
High "Overpressure Regiori WI 
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Figure 3-44. II Free Field Radiant Exposure and Air Blast Overpressure 
et the Surface, I. I Function of Height of aunt IIIld Ground Dlstanct, 


for 10 kilotons, 18 Mill VJ.ua~, 
Low Overpr ... ure Region _ 
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Figure 3-46. II Free Field Rldlant ExpOsure Ind Air allst Overpressure 
at thll Surface. al • Function of Height of BJ,Jrst and Ground Dlstlnce. 


for 100 kiloton., No Atmosphar': AUlnuBtlon. 
High Overpressurl Region " 
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Flgurl 3-48. II Fr. Field R.dl.nt ExpDtUre II'Id Air Him o.lfpt1llSUri 
It the QJrf.ce, .. • Function 0' Height o' Hum 6nd Ground Dln.nee, 


for 100 kilotons, No AtmospherIc Auenultlon, 


Low OverprlSlUre Retlan • 
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Flgur. 3-47. II Free Flefd Radiant Expowre end Air Blan Ovllfpreswr. 
at the Surflal, • a Function of H.lght of Burtt and Ground DlstaOte, 


'or 100 kiloton., 18 Mile Visual Renge, 
High Ovarprellure Region ~ 


r, 
'-' 


- 


- 


- 


- 


----l- .. -- 


I 
8000 
8800 


',. 


,-,. 


21 
I 


241- 


201 
- r 
I 
! I' 
i i 


~ 
i 


12 


! 


D 1 


4 I 


°0 


; 


o 


''l , , 
\ 


\ \l 


~o 


'~";:;~I 
POX' ... 
I ~~ 
~~ 


.. 


",1 
~ 


~fl 
\1\"-1 -.\ 1 \ 


I\L'7"I 
\ 
.... '1 I 
I 
~ 


8 
28 


GROUND DIITANCI (11110 ... 11 


Figure 3-48. II Fr. Field Radient Expo ... re Ind Air Blest Overpressure 


at the &lrflce, IS • Function of H.~t of Bunt Ind Ground Dlltlnce, 


for 100 kiloton., 18 Mile Vlsull Ringe, 


low Overpressure Region II 
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FIgUre 3-49. 111 FrH Field Rldl.nt ElCposure and Air Bllst Overpreuur. 
at lhe Surface, .. • Function vf Helitlt of Burst Ind Ground Distlnce, 


for 1 megaton, No Atmotpherlc 'Attenuation, 
HIItt Overprelsurl Region II 
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Flgur. 3·60. II Fr. Field Radiant EJlp.JlUr. and All ala .. ~er",essure 
It ,he Surface, IS a Function of Height of Burst and Ground Dlstanca, 


for 1 megaton, No Armosp/'tllic Attenuation, 
Low Ovllprauure Region II 
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Figure 3-61 •• Free Field Rldlanl EICposure and Air Billst Overpreuure 
It the Sur=: I FunctIon of Height of Burn end Ground DI.llnce, 


for 1 megaton, 16 Mile Vlsull RII~, 
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Flgur. 3·62. a Fr. Field Rldlant Exposur. and Air Blast Overpressurll 
at the Surface, It a Function of He~t of Burst and Ground Dlstlncl, 


for 1 megaton, 18 MIlII Visual Range, 
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Figure 3-53. - 
Free FitIkI RIdiInt Exposure IIftd Air 8IIIR 0nrJnaun= 
lit 1M ~ 
• Function of .... ~t of Burst .... GI"DIftI Distara. 
for 10 ~. 
No Atmospheric At1.-.nuIdion. 
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FI..... 3-64. II Fr.. Field R.dllnt ElIpotUre Ind Air Blalt Overpressure 
It the QlrflCe, • 
• Function of MelFt of Burtt and Ground Distance, 


for 10 megaton., No AtmoqJherlc Attenultlon, 
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I=9Jn 3-&&. _ 
FNe FiRS R.cMnt ExPCIIUn..:l Air B_ o.apessure 
• 1M am.ce. • • Function of Height of Bum Md Gfound Distance. 
far 10 megatolls, 16 Mile VISUal R.nge. 
Hi'" o..peswR Region' II 
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Figure 3·68. II Free Field "'dllnt Exposure .nd AIr Bllat Cverpmsure 
It the SurflCe, II I Function of Height of Burat Ind Ground Dlstlnee, 


for 10 megatons, 18 Mill Vltui.Al.nlll, 


Low Overpreuure Region _ 
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__ PHYSICS OF ..a..REBALL 


DEVELOPMENT _ 


- 
It is not necessatY to understand the 
p="cs that govern firebaU evolution to perform 
the calculations of the thermal environment that 
are described in the preceding paragraphs. The 
following discussion is an introduction to the_ 
subject of fmbaU physics that is intended to 
introduCe certain additional fuebaU phenomena 
and to serve as a bridge to mote advanced discus- 
sions found in the refetences. 


3-22 Black Body Radiation. 
.. A basic principal of physics is tliat a 


~.uiiator is also a good absorber of radia- 
tion. Tnus, a perfectly black object. i.e., one 
that absorbs aU of the radiation that is incident 
on it, is an ideal radiator of thermal radiation. 


--Consequently, black body radiation is a con- 
venient standard to which thermal radiation 
from actual sources can be compared. 


• 
The radiation properties of nuclear 
w 
os frequently may be described as a black 
body source of a given temperature or as a com- 
bination of several such sources. Paragraph 4-2, 
Olapter 4, descnbes the properties of an ideal 
black body source. Paragraphs 4-4 through 4-7. 
Chapter 4, describe the spectral characteristics 
of nudear weapons in terms of black body 
sources. 


3-23 Opacity. 


_The flow of energy through a nuclear 


fueball is strongly affected by the opacity of 
heated air. The term opacity correctly sugeSts 
impedance to the f1Qw of mdiation. i.e., eneIBY 
flows more slowly tIrrouIb those parts of the 
fireball in which tile opacity of the air is high. A 
less obvious but equally importmt effect of 
opacity arises from the physical principJe de- 
scribed in paragraph 3-22: :in order to be a good 
radiator of thermal energy I material must also 
be a good absorber. For this reason the late time 


3-104 


I 


fireball cannot radiate effectiveJy. The ps be- 
comes relatively transparmt and, as a· result, 
radiates its eneJZY so slowly that it produces 
theI'D1.&l damage. 


In radiation transport theory. the term 
is assisned a more specific meaning than 


it has as a nontechnical world. In a medium that 
absorbs much more radiation than it scatters 
(this is generally true of the hot pses that con- 
stitute the fireball), opacity is the reciprocal of 
the mean .free path, the average distance that a 
photon travels before it is absorbed. Thus, the 
units of opacity are reciprocal distance, and 
values given in the following discussion are in 
meters-I . 


• 
The terms · ... opaque .. and "transparent" 
areWfllld in a less specific senSe. A zone of air is 
opaque if it is tb··;k compared to the mean free ' 
path of the ra":'18tion passing through it. For 
example, if a region I meter thick has an opacity 
of 10 meteJ""l (mean free path = 1/10 meter). it 
is definitely opaque; if its opacity is 0.01 
meter-! (mean free path = 100 meters). it is 
quite !J:'anSpamlt. 


• 
The opacity of a gas is different for 
plio ons of different enew; therefore, the radia- 
tion to which the value of opacity applies must 
be specifaed. Normally. opacity is given as an 
average 'WIue that represents the transport 
properties of that black body spectrum which 
J[ 


nds to the temperature of the gas. 
There is an optimum wIue of opacity 
tha iIlows the fireball to radiate at the highest 
possIDle rate. This value is low enough to permit 
rapid flow of thermal energy from the hot 
interior of the fireball to the cooler surface 


Jay~ but it is hiah enough that aD regions of 
the fireball are able to I8diate the thermal 
encw that they contain. 
liThe physical processes that detennine 


opaaty oYer the I'ID&e of tempera.tun: and 
photon eneqies that are of interest are changes 
in the enew le'vels of atoms or molecules. At 


A 
V 


<. 


o 


( 


II 
photon eneqie:s of a few eV· or bigher, these 
processes involve absorption of the photon 
energy by the electrons of the atom or molecule. 
, 
At the lower photon energies characteristic of 
infraIed photons. the interactiOllS may involve 
changes in the vibrational states of atoms. AU of 
these interactions involve changes betweeo two 
allowable eneqw states of the atom or molecule. 
In many cases the photon encounters an atom 
that has no allowable energy level that exceeds 
its present energy level by exactly the photon 
energy. In these cases, absorption of the photon 
is impossible. Photons of visible light propagat- 
ing through air illustrate this condition. The 
photon energy is too high to excite the small 
changes in molecular energy that certain infrared 


photo~ can produce, and it is too low to pr0- 
duce the electronic excitation or ionization that 
certain photons in the ultraviolet region can pro- 
duce. Consequently, pure air is transparent to 
these photons, affecting them only by infre- 
quent scattering interactions. 
_ 
The radiating properties of the faeball 
an~ surrounding air are strongly affected by 
a particular absorption band of the oxygen 
molecule, the Schumann-Runge band. Although 
several mechanisms render air opaque to 
photons with energies of the order of 10 eV. the 
Schumann-Runge band is particularly important 
because it is effective at lower values of photon 
energy than other strong absorption bands. For 
this reason, it determines the cutoff energy of 
thilctrum of transll)itted photon energies. 


The Schumann-Rurige band norma1ly 
a 
r s only those photons with enerziC!s greater 


than about 6.7 eV. Howewr. when air is heated 
to temperatures of a few ~~usand desr=s. 
oxygen molecules are excited to hi,,~ vibrational 
energy leYeIs, with reduces the mew gap 
between the· equilibrium molecular statio'S and 
the Schumann-Runge continuum. This smaller 
energy gap reduces the energy that a photon 
must have in order to induce a transition. and air 


at 4,OOOoK absorbs photons with energies as low 
as 3 eV strongly. lhis is the photon energy that 
.is associated with violet lights. Thus, the hot 
layer of air swrounding the luminous region of 
the fireball removes most ultraviolet energy 
from thennal radiation, causing fireball radiation 
to contain a much lower fraction of ultraviolet 
energy than does sunlight. 


3-24 The Fireball Bet ... 


Final Maximum ..., 
II 
A discussion of a low altitude fireball 


close to the final maximum is valuable for two 
reasons: this stage of development is of practical 
interest because the bulk of the thermal pulse is 
emitted during this fmal pulse; it is of theoret- 
ical interest because IT )St of the physical phe- 
nomena affecting all :.a:ages of fuebaU develop- 
ment are active at the time of final maximum. 
Figure 3-57 shows the opacity properties of a 
particular flICbalJ in terms of four zones. 


• Zone I: The" hot core of the fireball has a 
reJatively uniform tc;mperature. For this 
reason, it i~ called the "isothermal sphere." 
Since this zone is fairly transparent at most 
stages of fireball development, thenna1 
energy flows rapidly from hotter regions to 
cooler ones. and large temperature differ- 
ences cannot form. At the time shown in 
Figure 3-57, the opacity is about 1 meter. 


• Zone II: At the edge of the isothermal 


sphere, opacity rises rapidly because of in- 
creasing air density. Air in this zone not 
only is more opaque to its own radiation 
(the mean free path drops to about 12 em); 
it has much higher opacity to the higher 
temperature radiation from the isothennal 
sphere. Zone I is expanding by heating the 
air in Zone 11; as a result. Zone II has a high 
temperature .&radient. The outer edge of 
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II Zone D forms the radiatiDa smface of the 


visible fiJ:ebaU. 
• Zone 111: Between the fireball and the 


shock front, air is too cool to radiate 
energy efficiently. The low opacity of this 
region to its own radiation refleCts this 
property. This region is, however. opaque 
to portions of the radiation from Zone D. 
It absorbs the blue and ultraviolet regions 
of the spectrum. As a n=suIt, it intercepts 
part of the energy radiated by the fireball 
and cbaDges the spectral disttIbution of 
IlI'Cball radiation as seen from a distance. 
• Zorte IY: Ambient air is relati.vely trans-: 


parent to inf:rared, v.isible, and near- 
ultraviolet radiation, and wiI1 trammit that 
portion of the fireball radiation that is 
emitted in this spectral region. 


3-25 History of Fireball Evolution II 
_ 
Most of the stages of fiJ:eball develop- 
men'" are of little interest in connection with 
thermal damaF. but, for some purposes, the 
entire sequence of obsenrable phenomena pro- 
OIides useful information. The most obvious 


Deleted 


application is the comparison of computer c:alcu- 
lations with experimental data. This comparison 
is an excellent indication of the depee to which 
the computer program simulates actual fireball 
W::-not the purpose of this discussion to 
consider phenomena that contribute only 
minutely to the total thermal output in detail. 
The user who desires such detail should ~1t 
"Theoretical Models for Nuclear rll'Cballs 
.. 


DASA 1589, or "Thermal Radiation 
e- 
~ 
.. DASA 1917 (see bibliography). 
_ _ 
FJIUl'C ~S8 shows a calculated poW*"*" 


time curve for a 200 kt burst at 5,000 feet (this 
curve was presented pre'liously in Figure 3-19 
and forms·the basis for the standard therm 
pulse in rJlUl'e 3-20). The labeled points con~ 
spond to the following events: 


1. Deposition of the X-ray energy from the 


nuclear source JB'Oduces an extremely hot zone 
of completely ionized air surrounded by a transi- 
tion resion in which the temperature drops to 
the ambient value. This trans:ition region is pr0- 
duced by the higher energy X-r.ry photons radi- 
ated by the soun:e. It is hot (and therefore 


- 


F .... 3-&8. 11 Cllculabld PowIr-Tinw CurWI far • - 
- 


2IX) kilotOn. Burst at &.000 t.t • 
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• 
opaque) enoulh to obscure vislDle radiatiol.l 
from the central zone. The I'2diaticm that is seen 
.is produced by this so-called X·my veil. 


2. The isothermal sphere continually ex.pands 
as radiation from the hot plasma is absorbed. by 
the cooler. opaque pses at the edae of the 
sphere. The jump in mdiated power at point 2. 
occurs as this hot sphere breaks through the 
X-ray veil and the bri&htness suddenly increases. 
3. .'!::: t!le fireball continues to pow by radi- 
ative ex.pansion, it enaulfs more and more of the 
partially opaque air surrounding the veil itself. 
4. Hydrodynamic motion. delayed by the 
inertia of the stronpy heated air, bas developed 
to the point that a shock front has fonned at the 
surface of the fircbaD. The at'"lJPl tem~ture 
rise created by the shock front produces a sud- 
den briBhtenicg of the fireball surface. ")]J::' 
.. -~ent .is partially obscured by the shock pre- 
cursor, a thin zone of air ahead of the shock 
front thai bas been heated by radiation from the 
shock front. It is similar to the X-ray veil formed 
at earlier times. The peak at 4 is caned the shock 
formation maximum. 
S. As the shock front is attC1l11&ted by its 


expansion. both the shock temperature and the 
shock precursor temperature raD.. and mdiated 
power declines. At S. the shock ~ 
is be- 
coming t:ranspareDti power starts to increase as 
radiation &om the shock front penetrates 
beyond the edge of the firebalL This point is 
caned the shock pr:ecunor mbJjmum 
6. At some altitudes. a peak known as the 
debris shock maximum ocwrs IS the Ihoc:k wave 
produced by bomb debIis overtakes and int.f.iftsi.. 
tics the main shock -..we. III tbiI cae. this event 
bappcus to caiac:i.cle widl the.1bock ~r 
minimum; therefore. it is not erident on the 
poweMime c:une. 


7. As the shock JDCUDOt continues to cool. 


radiation from the sb.oct. front is transmitted in- 
~y 
we~ and the tiaditionaI first maxi- 
mum oec:w:s. Power then taUs as the shock front 
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drops in temperature. Point 7 is more descrip- 
tively termed the shock exposure maximum. 


8. The air heated by the shock front. saeen- 
ing the hot resions deeper in the fireball. pr0- 
duces essentiaUy the same phenomenon that was 
produced at point S by the shock prccu!SOr. As 
the air belUnd the front cools and starts to be- 
come transparent. the radiated power rust drops 
and then levels off at the prirlcipal minimum as 
mdiation from the hotter inner regions of the 
fireball begins to penetrate to the outside. 
9. During the final maximum (tmditionally. 
the second maximum). the fireball radiates the 
bulk of the thermal ene:tIY. The air behind the 
shock front continues to become more trans- 
parent. and the radiated power comes from the 
Iarp volume of hot air that constitutes the fire. 
. 
. 
ball. As each zone of air mdiates its ene:tIY and 
cools below about 6.ocx:ttK. it becomes t:ran.. 
parent aDd transmits radiation from a zone 
closer to the center. Power output drops as the 
so-c;:allcd radiative cooI.inB wave propaptes in- 
ward and the area of the mdiating surface 
~ 
10. The firebaD becomes 1.aqeJ:y transparent. 


but is still c:apable or mdiating eneq:y as spectral 
lines. Tbis final phase of firebI1I evolution .is ca1l-- 
late time mdiatift 


I I 


• 


d!'"':, 
'IiV 


( 


shows the WJY ill which the 
RlIa.tiYe timinl of lOme of these events cbanps 
with altitude for a 200 kt burst. The numbers ill 
circles aRl the same numbers that appear in FII" 


• 


. 
8 to "label valious events. 
From the point of 'View of thermal dam- 
•• e most important cI:La:DJe that FIJURl 3-59 
shows is that the principal minimum weakens 
and f"mal1y disappears as it meqes with the 
debris-air shock c:atch-up and the fiDaI maximum 
at high altitudes. TIds efl'ec:t c::banps the shape 
of the main thermal pulse ad !s the Rl8SOD that 
the standard thennal pulse is roushJy repraeuta- 
me of thermal pulses only at altitudes be10. 
about 100,000 feet. 


3-26 Compariso.1 wiIh AIicMt Analysis 


of ex,.; ..... 
_ 
AIthoUlh, IS mmtioned prev:ious1y. the 
computer calcu1ations qreed wen with the 
experimental data with which they were c::o. 
~ 
and the c:alcu1ations form the basis for • 
complete set of clIta that is compatible md CD 
be put into II form that is suitable for ibis 
manual. they do DOt necessarily Jeplesent the 
Ultimate answas. A let of semi-empirical equ.. 
tions _ 
reczntIy been deftloped. that s,ift '. u 
and 'Ill ill of the .tbermal pulses pJOduced by 
bmsts up to 100 kilometers. These equations aft 
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llPete P 15 the atmospheric density a~ bum alti- 
tude. an,! PI is the density at the "singular" alti- 
tude for the yield being considered~ which is the 
altitude at which the thermal pulse c:banges from 
a two peaked pulse to a single peaked pulse. and 
which is given by 


p. = 0.033 W-1I2. 


and 


tmiD = 0.00365 (PW)tL+4 sec. 


For comparative purposes, these values are plot- 
ted together with the equations given previously 
.... 


for tm ax and tm i1l as a function of yield for 
scaled burst heiJhts of 180 WO·4 feet. i.e.. low 
air bursts, in Figwe 3-60. 1bis one comparison is 
presented only to show some of the uncertainty 
associated with the prediction of the thermal 
radiation environment. As pointed out previous- 
ly, the computer c:alculations were used as the 
basis for the prediction of the thermal environ- 
ment in this manual for several reasons. one 
being that they provide a complete description 
of all of the various phenomena in a compatl"ble 
format. Further investigations may reveal that 
c1:tanges in the presentation of .the data are re- 
quired . 
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Chapter 4 
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,~~--.. ~''''Q''''1 .,\j 
X-RAY RADIATION PHENOMENA-_-- 


• 
INTRODUCTION • 


4·' 
Production of X- Rays • 


• 
X-rJYs ilre electrom<Jgnetic radiations of 


frequencies from about 1016 Hz* to about 1020 


Hz, overlJpping ultraviolet radiation at the low 
freque!),y end of the spectrum and gamma rays 
at the h!h end (see Figure 4-1). The wave- 
lengths 01 the radi3tions are given by 


" = elv cm, 


where v is the frequency in Hz, and c is the 
velocity of light (3x 1010 em per sec). X-rays 
exhibit pclrti('je-like properties as well <JS wa\'e- 
like properties, and are absorbed or emitted ill 
qUJPtu, or photons, of energy 


E = hv ergs, 


where Ii is Planck's constant (6.6~5x 10. 27 erg- 
sec 1. 
Th is energy is ordinarily expressed in 


1'1,,'c, __ lrvll-\,olts (keV).+ Figure 4-~ shows X- 
ray wavelength <Jnd frequency as a function of 
photon energy. The more energetic X-rays of 
higher frequency are commonly known as 
"hard" X-rays, and the less energetic ones are 
co_res ondingly"soft." 


The distinction between X-rays and 
ot 1::T electromagnetic radiations is not made In 
terms of their respective frequencies but in 
terms of their method of production. Gamma 
ray!>, for instance, are those photons produced as 
a result of nuclear forces, whereas production of 
X-rays is associated with electromagnetic forces 
act !ng on eJectrons. Two basic physical mech- 


~G7':~''''' ,'- 
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f :: :\l;;';ll ~¢oe'~gr~t !iW; ~ 
IxIft i'ltO,:,1t:a reI ll~ ad i3lI.I.q .. 
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anisms are principally responsible for X-ray pro- 
duction; the corresponding emissions are brems- 
strahlung (braking radiation) and the character- 
istic radiation. 


_ 
Bremsstrahlung is a result principally of 


in:ic (or radiative) scattering of fast electrons 
by atoms. If a beam of monoenergetic electrons 
impinges on a thick target, a spectrum of X-rays 
is produced with maximum energy equal to that 
of the electrons and a spectral distribution that 
d=ds on the atomic number, Z, of the target. 
_ 
The spectrum of X-rays from such an 
expeTlment will contain (in addition to the 
bremsstrahlung spectrum) a number of intense, 
fairly sharp spectral lines. These lines are charac- 
teristic of the material being bombarded and 
result from X-rays that are emitted when the 
atomic electrons rearrange themselves into states 
of lower energy after one or more electrons have 
been knocked out of the atom by the bombard- 
ing electrons. Since the atomic electrons must be 
in one of a number of discrete energy stages, 
transitions between the states are accomplished 
by emissions of photons of discrete energies. If 
the initial beam has sufficient energy 19 remove 
the most tightly bound (K-shell) electrons from 
the atom, all possible transitions between states 
will result in X-rays and all of the characteristic 
spectral lines will be seen. At slightly lower in- 
cident beam energies. the K X-ray lines will dis- 
appear but the other lines will still be observed, 
and so 011. The frequencies of the characteristic 
radiation depend 011 the atomic numbers of the 
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Figure 4-1. • 
Properties of Electromagnetic Radiation •. 
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of Electromagnetic Photon Energy. 
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4-2 
Black Body Radiation • 


• 
Tht' mech:lI1ism whereby all atom is iOll- 
iz~ los>.'s one or sewr:.l! electrons) dol.'s not 
alll:'r the ch:nactnistics of the X-r:1Ys emitted us 
tht' ionized alom deexcitl.'s (recaptures ekc- 
trons). An X-rJ)' CJIl be prodllced no nll.ltter 
whether the ioniz:ltion i, produced by an incl- 


dent fast electron or by any other process leav- 
ing an unfilled energy level. Similarly. any pro- 
cess whereby fast electrons are deceler3ted 
rapidly em produce X-ray bremsstrahlung. Both 


~ypes of conditions are found in high tempera- 
ture plasmas. which are compost'd of mokcuJes. 
atoms. ions. electrons. and accompanying elec- 
tromagnetic radiation. all in a statl." of therm:.ll 
excitation corresponding to the temperaturt' of 
the plasma. The hotter the plasma. the less lil-;el) 
it is th:.l1 nonionized atoms and molecules will be 


@l. 'nd the 1110" likely will be the presence 
of multiply ionized atoms. At very high temp~r­ 
atures. th~ atoms can become completely ioni- 
zed. ka· .. ing only bare nuclei and electrons in the 
plasma. Under such conditions. the possible fre- 
q u enci~s or "characteristic" 
X-rays become 
essentially a continuum, both because so many 
energy stJtes are unfilled and because the ther- 
mal motions of the nuclei cause Doppler shifts 
in the frequencies of the emitted Jines. The Te- 
suIt;]])! radiation is similar to that from allY hot 
g<Js. except th::Jl the pl<JSJ11::J C<J1l be enormously 
hotter Jnd therefore can emit mllch higher fre- 
quenCles. induding X-rays. as well as ultraviolet. 
"isib!.:. :ll1d infrared radi:nions. 
.. PlaslllaS are. in gener;)/. \'I.:'ry compkx. 


an~<.:' spectrJ/ distributions of the radiation 
emitted from thicm are correspondillgl:- 
com- 
pkx, Ho\\e\er. mudl insight can be gained by 
studying a simpler. ide<Jlizd thermal radiJtor. 
the blJ;:k bod), Tlli:, does not mr.:an thJt fadiJ- 
lion from a pJaSl11J can bt:: characterized b~ <l 
black bod~. but in som.: cases a blJck body pro- 
vides ;J rOllgi1 appfoxim;Jtioll, Bl;Jck bod~ LJdia- 
tion is that seen emerging through a SJl1JIJ hall' 
in the walloI' a hollow bod) at a constant tem- 
perJture. [t is also known as isothermJ] CJvity 
radiation. Black body radiJtion hJ5 been studied 
extensiwb both experimentally and theofl'ti- 


... ,,;;:. "",j 'lk following results :ue of interest. 
(U) The total power emitted per unit area of 


a blad.; body at absolute temperature Tis 


where the Stefan-Boltzl11Jnn constant a is equ::JI 
to 5.()7 x 10. 5 erg sec-! cm- 2 °K·4 . 
.. 
The theoretical expl::m:.ltion of the ab- 
se~ 
distribution of the frequencies of the 


radiation depended on the quantum hypothesis 
advanced by Planck. and the energy spectrum is 


g~m:·r:.!!l~' referred to as a Planck spectrum. The 
Planck spectrum. in terms of the energ;, density 
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radiated between wavelengths A and A + UX. is 


81TCh 
uA 
'l!(A)uA = ~ e(ch l HT) -1 


where all symbols are as previously d~fin~d. ex- 
cept that k is the Boltzmann constant and is 
equal to J,38 x 10. 16 erg/OK. The PJanckspl.'c- 
trum can also be expressed in terms of th" 
power emitted per unit area per unit freqtil.'ncy 
for photons with frequencies between v and v + 
dvas 


::'1iV~ UV 
hv 
= 
--------- 


• 
Since both hl) and k T hJve the dimen- 


sions of energy (;lI1d can be express~J in kc\' l. 
the spectral distribution CJI1 be express,.:d in 
terms of the normalized energy(a dimensionles~ 
parameter) 11 
hv/k T as 


wher~ use has bt'en made of the Stefan-Boltzl11JI1 
equation. and 


Hu) = 


is c::JlIed the density function of the normalized 
Planck distribution. The quantity HaJuu is the 
fraction of the total radiation emitted by a blJck 
body at temperJture T between the frequencies 
v and v + dv. where v = un. TlhJ. 
til The fraction of photons with energies 


le~;.Jn Iw is therefore 


G(u} = i 


U 
F,(u')du' 


G(u) is called the cumulative distribution func- 


C 


Table 4-1.11 Normalized Planck Distribution • 


Normailzed 
Energy. u 
Density Function, F(u) 


Cumulative Distribulion 
Function, G(u) 


0.5 
2.9674 x 


1.0 
8.9627 x 


; .5 
1.4928 x 


2.0 
1.9283 x 


2.5 
2.1519 x 


2.82 (u ma.,) 
2.1890 x 


3.0 
2.1787 x 


4.0 
1.8389 x 


5.0 
1.3059 x 


6.0 
8.2660 x 


7.0 
4.8212 x 


8.0 
2.6459 x 


9.0 
1.3857 x 


10.0 
6.9920 x 


• 


tion (note that G(oo) = I for all temperatures). 
The functions F(u) and G(u) are tabulated in 
Table 4-1 and plotted in Figure 4-3. The maxi- 
lIlum 01 the density function occurs at urn a x = 
2.82144. Other useful relationships are that only 
about three and. a half percent of the radiation 
occurs at energies below kT (u = 1), and only 
about thirty-five percent below the peak of the 
spectrum (u = 2.82). Only one percent of the 
energy is radiated in photons with energies great- 
er than ten times the black body temperature 


10-2 


10-2 


10-1 


10-1 


10-1 


10-1 


10-1 


10-1 


10-1 


10-2 


10-2 


10-2 


10-2 


10-3 


5.2932 x 10-3 


3.4618 x 10-2 


9.4 780 x 10-2 


1.8114 x 10-1 


2.8402 x 10-1 


3.5368 x 10-1 


3.9301 x 10-1 


-v 
5.9702 x 10-1 


7.5453 x 10-1 


8.6016 x 10-1 


9.2442 x 10-1 


9.6084 x 10-1 


9.8038 x 10-1 


9.9045 x 10-1 


(kT), i.e., for u ~ 10. The median energy is at 
about u = 3.5 . 


• 
Ideal black bodies produce some radia- 
tion at all frequencies. In order for significant 
quantities of X-rays to be produced, however, 
the temperature of the black body must be great 
enough that urn ax occurs in the X-ray region, 
i.e., for the hv - .3 keY or greater. This implies 
that kT > 0.1 keY or that T must be greater 
than about a million degrees Kelvin. 
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Problem 4·1. 
Calculation of Spectral Distribution and Cumulative 
Emissions from Black Body Sources 


• 
Figure 4-3 and Table 4-1 show the nor- 


malized energy distribution and the normalized 
cumulative energy function for biack body radi- 
at ors. 'These normalized functions may be 
applied to black body radiators of various tern· 
peratures expressed in any unit of temperature 
measure. The common unit of temperature mea- 
sure for high temperature plasmas is keY. 
• 
Scaling 


a. To find the fraction of total energy 
emitted at a specified photon energy, hll, divide 
the specified photon energy by the black body 
source temperature, kT. to obtain the normal· 
ized energy! u. 


h1.l 
U =-- 
kT 


Enter Figure 4-3 with the normalized energy, 
and read the fraction of the total energy emitted 
at the specified energy from the density func- 
tion curve. 
b. To find the cumulatjve fraction of ener- 


gy emitted at or below a specified photon ener- 
gy, hv, divide the specified photon energy by the 
black bod~ source temperature, kT. to obtain 


• 
; . , _ 
c 
• 
'"./; .... ""V,J. ... J""'I~""~1;,...01 ~1Jt..:rgy ~ u, 


Enter Figure 4-3 with the normalized energy, 
and read the cumulative fraction of energy emit· 
ted at or below the specified photon energy 
f_O 
the cumulative distribution function curve. 
.. ExamPle. 
lven: 


a. A black body radiating at a temperature 
of 2 keY. 
h, A black body radiating at a tempera- 


ture of 3 keY. 
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Find: 
a. The photon energy that is emitted with 
the greatest frequency from the 2 keY black 
body. 
b. The photon energy at which 65 percent 
of the total energy emitted contains photons of 
that energy or lower from the 3 keY black body. 


Solution: 
a, From Figure 4-3 (or Table 4- I), the 
peak emission occurs at a normaliz.ed energy Of 


u = 2.82. 


b. From Figure 4-3, 65 percent of the 
energy is emitted at normalized energies equal or 
less than 


u = 4.3. 


Answer: 
a. The photon energy that is emitted with 
greatest frequency from a 2 keY black body 
radiator is 


hv = 2.82 kT = (2.82)(2) = 5.64 keY. 


b. Sixty-five percent of the photons from 
a 3 keY black body radiator have energies equal 
to or less than 


hv = 4.3 kT = (4.3)(3) = 12.9 keY 


(Thirty-five percent of the photons will have 
energies greater than 12.9 keV.) 
Reliability: Figure 4-3 represents the den- 
sity function and cumulative distribution func- 
tion of theoretically ideal black body radiators. 
Actual radiators will deviate from the ideal. 
Related Material: See paragraphs 4-1 and 


4-2. 


.1 " 
} 


::J - 
IJ.. . 
Z 
0 
.... 
u z 
:J 
u- 


( , 
)lo- 
I- 


Cf) z 
I.IJ 
0 


0.24 


0.22 


0.20 


0.18 


0.16 


0.14 


0.12 


0.10 


0.08 


I \ 
'I 
\ 
~ 
I 
~ 
/ 


/ 
\ / 
V 


; I 
Y 
L- 


I I 
/\ 


~ 


I / 
\ 


-- 


I 
V 
\ 


0.06 
/1 
11 
\ 


0.04 I 


/ 
0.02 V/ 
o 
o 


/ 
\ 


\. 
I 
'" 
V 


4 
5 
6 
7 


NORMALIZED ENERGY t U 


Figure 4-3.. Spectral Distribution of a Black 
Body Source • 


'- 
............ '-- 


8 
9 
10 


1.0 


.9 


:l - 
.8 
\!) - 
Z 
0 


.7 
I-u 
Z 
:J 
u- 


.6 
z 
0 
I- 


.5 
::> 
CD 
a: 
I- 
Cf) 


.4 
0 


I.IJ > 


.3 
I-4· 
...J 
:J 
~ 


.2 
:J 
u 


.1 


0 


4-7 


4·3 
Interactions of X·Rays with Matter. 


~ 
J usl as X-rays are produced principally 


b~enomena involving electrons. the principal 
interactions of X-rays with matter also depend 
on :llomic electrons. 
• 
In the photoelectric e~fect. an X-ray is 


tOlalJ) absorbed: lis energy lS partly used in 


oH~rcoming the binding energy of an atomic 
ekctron. and the remainder is imp:nted as kinet- 
k energy to the electron and (to a much lesser 
extent) to the recoiling ion. No scattered X-ray 
is obserwd: however. the deexcitation of the 
loniz.:d atom can result in secondary X-ray, 
ultr;l\ioJct. or optical radiation. This phenome- 
non is knowl) as fluorescence. Photoelectric 
absorption is most probable when the X-ray 
en..:rgy just e:\ce..:d~ the binding energy of a par- 
ticular eketron. Thus. as the wavelength of the 
incident X-ray increases (the energy decreases), 
till' probability of absorption gradually rises un- 
til th(: bindll1g energy of the K-shell electron is 
reached. It then abruptly drops (the "K- 
absorption edge"). and then begins rising again 
until the next absorption edge is reached. and so 
o. Another effect is Compton (inelastic) 
scattering. When an X-ray collides with an elec- 
trol1. it is possible that, not only a resultant 
energetic electron, but also a scattered X-ray 
photon of lower frequency (longer wavelength) 
will be observed. This usually happens when the 
target electron is free or very loosely bound. If 11 
is assumed that the electron is free, the interac- 
tion can be analyzed as collision between two 
particles. Conservation Qf momentum and 
energy then yield the relation 


A' - A = _h_ (] - cos 0) 
moc 


where A is the wavelength of the incident pho- 
ton, A' th2t of the scattered photon, e the angle 
of scattering, and rno the mass of the electron 
(9.1 x 1O.28 g). 


4-8 


• 
A third effect is elastic scattering. If an 
electroi1 is excited by an electromagnetic wave. 
it will gain energy and oscillate. As a movincr 
'" 
charge, it will then reradiate the energy as elec- 
tromagnetic radiation of the same frequency. 
which appear as scattered photons. The scatter- 
ed photons may be coherent (in phase) or inco- 
herent (random phases). 
• 
The probability that any of the above 


scattering or photoelectric processes will take 
place is given in terms of a cross-section a (so 
called because it has units of area), which is the 
probability of a given interaction taking place 
under the condition that one interaction per 
unit area is possible. 
.• 
I~ the medi~m with which the X-rays 
mteract IS charactertzed by an electron density 
Pe ' then for every centimeter an X-ray traverses, 
there are Pe electrons. within a cross-sectional 
area of one cm 2 with which it can interact. The 
probability of interaction per centimeter is 
therefore /-l = PeG. Since this is also the proba- 
bility that an X-ray disappears from the incident 
beam! the beam intensity falls by a factor e'/Jx 
after having penetrated a distance x into the 
material. It is often convenient to express the 
penetration in terms of the total amount of ma- 
terial "seen" by the beam! px. where p is the 
mass density of the material. In this case. the 
mass attenuation coefficient K = /-l!p is used. The 
mass attenuation coefficients for air are shov.'n 
as a function of X-ray photon energy in Table 
4-2 and in Figure 4-4. 
_ 
If the X-rays radiate isotropically from a 


p!lftl'source rather than in a narrow beam, the 
flux, $, of X-rays (photons per unit area per 
unit time) at any point depends not only on the, 
exponential attenuation described above but al- 
so on the spherical attenuation, so that 


where R is the radial distance from the source 


( 


Table 4-2, II Mass Attenuation Coefficients for Air • 


Photon 
Total 


Energ) 
Scatter 
(ke \') 
(cm2/g) 


2 
9.791 x 10-1 


3.2'" 
7.754 x 10-1 


, 
"1- 
.:J,_ 
7.754 x 10-1 


4 
6.707 x 10-1 


6 
5.070 x 10-1 


8 
4.126 X 10-1 


]0 
3.529 x 10-1 


20 
2.409 x 10-1 


40 
1.885 x ]0-1 


60 
1.690 x 10-1 


80 
1.569 x ]0-1 


100 
J .480 x 10-1 


200 
1.210 X 10-1 


400 
9.468 x 10-2 


600 
8.014 x 10-2 
--- 
• Argon K-AbsoIption Edge. 
- 
anu ,\ IS [he total number of photons emitted by 
the source per unit time. This, however, is only 
the component that reaches the point.,directly 
from the source. Scattered photons (Coherent, 
incoherent, and Compton) originating at other 
points also reach the point. The result is that the 
flux of that point is larger .by a build1..'p iactor B. 
The magnitude of B depends on the distance 
from the source, the energy spectrum of the 
X-rays, and properties of the scattering material 
in complex ways. It is ordinarily calculated by 
computer codes. The integral of the flux over 
time. or the total number of X-ray photons per 
unit area reaching a point, is known as the 


Total 


Photoelectric 
Attenuation 
(cm2/g) 
(cm2/g) 


4.95 x 102 
4.960 x 102 


1.34 x )02 
1.348 x 102 


1.56 x 102 
1.568 x 102 


8.27 x 101 
8.337 x 101 


2.30 x 101 
2.351 x JOI 


9j4 x 10° 
9.953 x 10° 


4.57 x 10° 
4.923 x 10° 


4,96 x 10-1 
7.369 x 10-1 


5.07 x 10-2 
2.393 x 10-1 


1.33 x 10-2 
1.823 x 10-1 


5.29 x 10-3 
1.622 x 10-1 


2.61 x 10-3 
1.506 x 10-1 


1.68 X 10-4 
1.212 x 10-1 


9.80 x 10-6 
9.469 x 10-2 


3.92 x 10-6 
8.014 x 10-2 


fluence. Flux and fluence are also commonly 
described in terms of the energy carried by the 
photons instead of their number. 


SECTION I 
_ 
NUCLEAR WEAPONS AS 
X-RA Y SOURCES. 


4-4 
X-Ray Production in 
Nuclear weapons. 


The multitude of processes that 
occur very early in the detonation of a nuclear 
weapon are described in Chapter 1. The result, 
., 
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Figure 4-4 .• 
Mass Attenuation Coefficients for Air • 
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" 
1i 
I: 


as far as X-ray production is concerned, is that a 
very hot (tens of millions of degrees Kelvin). 
plasma is formed, consisting of electrons and the 
stripped nuclei of the fission and fusion prod- 
ucts, of the elements in the casing materials, and 
of any other elements in the immediate vicinity 
of the detonation, such as nitrogen and oxygen 
in the air. Although the spectrum of emissions 
from this plasma is not that of a black body, 
particularly because the temperature is by no 
means uniform, it often approximates a black 
body spectrum, or a combination of two or 
more such spectra. The disposition of X-rays is 
further comp!.irated by interactions with the 
at.os 
here. 
Approximately 70 to 80 percent of 
the 
0 a prompt yield of many n 
is radiated in the form of 


as 
n 


( 
I 
weapons with effective 


Energy Emitted • 


A temperature gradient, decreasing 
out 
, exists between the enormously hot in- 


terior nuclear materials and the somewhat cooler 
exterior bomb casing materials of the nuclear 
weapon. The X-rays, of course, are continuously 
being absorbed and reradiated, but with a tem- 
perature gradient, the conditions for an ideal 
black body with isotropic radiation at every 
point do not· exist, and there is a net flow of 
energy outward from the point of detonation. 
The outward flux at the surface is, in fact, about 
twice what would be implied by black body 
radiation at the temperature of the surface be- 
cause of X-rays from the interior escaping with- 
out interaction at the surface. If the actual sur- 
face temperature is Ts' then the surface energy 
flux is given by 


where 


T 
= 21/4 T = 1.19 T . 
e 
s 
s 


The effective temperature, Te , will be 
the succeeding discussions. 


Rate of X-Ray Emission 
• 


used in 
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~.iI 


~{3 
",If._,'" 
.I 


cannot con 
peak emIssIon rate because the loss of 
energy cools the plasma and it radiates corre- 
spondingly less rapidly as time goes on. '1 be time 
necessary to radiate a given fraction (about 90 
percent) of the weapon energy increases with 
the size of the emitting sphere (r), and of course 
is larger than the time calculated from the peak 
emission rate; however, it is still generally mea- 
sured in shakes or tenths of a shake for most 
weapons. 


4-7 
Spectral Distribution of X-Rays • 


An approximation of the X-ray spec- 


rom nuclear weapons can be obtained from 
the normalized Planck distribution by applying 
the appropriate multiplicative factors to the 
independent (u) and dependent (F and G) vari- 
ables for the black 
te 
rature indicated 
raph 4-2) 
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is gIven In more 
ern 
equivalent black body spec- 
trum can now be constructed and compared 
with the rest of the measured spectrum. Some 
examples of such comparisons will be shown in 
subsequent paragraphs. 


• 
For the purpose of calculating X-ray ef- 


fects, the spectrum is most useful if tabulated by 
intervals in u enclosing approximately equal 
energy increments of the cumulative distribution 
function. In such computations, each increment 
is treated as being composed of monoenergetic 
photons of the central energy. Table 4-3 shows 
the boundaries of the energy intervals for ap- 
proximately five percent increments of the nor- 
malized cumulative distribution function and 
the corresponding boundaries of photon energies 
for several source temperatures. Five percent in- 
crements may be too coarse for estimating ef- 
fects both at the very low and very high ends of 
the spectrum. For these regions, the one percent 
increments shown in Table 4-4 may be useful. 
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Real Nuclear W~s 
8S 


X-Ray Sources _ 


- 
Since X-rays are attenuated rapidly 
~ry 
little can be ascertained about th~ 


initial properties of nuclear weapons as X-ray 
sources from atmospheric weapons tests. How- 
ever, X-ray effects may constitute the principal 
kill mechanism 
ion of 


., 


Table 4-3. _ 
Five Percent Energy Intervals for a Planck Spectrum. 


Cumula:ive 


Photon Energy in keY for 


Distribution 
Various Black Body Temperatures 


Function 
1 keY 
2 keY 
8 keY 
10 keY 


I) 
0 
0 
0 
0 
0.0506 
1.16 
2.32 
9.28 
11.60 
0.1008 
1.54 
3.08 
12.32 
15.40 
0.1 5 11 
1.84 
3.68 
14.72 
18.40 
0.2007 
2.10 
4.20 
16.80 
21.00 
0.2500 
2.34 
4:~.g 
18.72 
23.40 
0.3013 
2.58 
5.16 
20.64 
25.80 
0.3493 
2.80 
5.60 
22.40 
28.00 
0.4017 
3,04 
6.08 
24.32 
30.40 


0.4491 
3.26 
6.52 
26.08 
32.60 
0.4994 
3.50 
7.00 
28.00 
35,00 


0.5515 
3.76 
7.52 
30.08 
37.60 


0.6007 
4.02 
8.04 
32.16 
40.20 


0.6499 
4.30 
8.60 
34.40 
43.00 


0.7010 
4.62 
9.24 
36.96 
46.20 


0.7519 
4.98 
9.96 
39.84 
49.80 


0.8004 
5,34 
10.68 
42.62 
53.80 


0.8499 
5.88 
11.76 
47.04 
58.80 


0.9003 
6.56 
13.12 
52.48 
65.60 
" ()~ "" 
7.64 
15.28 
61.12 
76.40 
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Table 4-4. II One' Percent Energy Intervals for a Planck spectru. 


Cumulative 
Photon Energy in keY for 


Distribution 
Yarious Black Body Temperatures 


Function 
1 keY 
2 keY 
8 keY 
10 keY 


0.0105 
0.64 
1.28 
5.12 
6.40 
0.0205 
0.82 
1.64 
6.56 
8.20 
0.0295 
0.94 
1.88 
7.52 
9.40 
0.0402 
1.06 
2.12 
8.48 
10.60 
0.0506 
1.16 
2.32 
9.28 
11.60 
0.0597 
1.24 
2.48 
9.92 
12.40 
0.0697 
1.32 
2.64 
10.56 
13.20 
0.0804 
1.40 
2.80 
11.20 
14.00 
0.0903 
1.47 
2.94 
11.76 
14.70 
0.1008 
1.54 
3.08 
12.32 
15.40 


0.9003 
6.56 
13.12 
52.48 
65.60 
0.9098 
6.72 
13.44 
53.76 
67.20 


C" 
0.9200 
6.91 
13.82 
55.28 
69.10 
0.9300 
7.12 
14.24 
56.96 
71.20 
0.9401 
7.36 
14.72 
58.88 
73.60 
0.9502 
7.64 
15.28 
61.12 
76.40 
0.9598 
7.96 
15.92 
63.68 
79.60 
0.9700 
8.39" 
16.78 
67.12 
83.90 
0.9801 
8.98 
17.96 
71.84 
89.80 
0.9900 
9.94 
19.88 
79.52 
99.40 
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SECTION II 


X-RAY ENVIRONMENTS 
BY NUCLEAR WEApONS • 


4·9 
Exoatmospheric (Vacuum) 
Detonations _ 


X-ray environments from nuclear 


llS are completely specified by the 


JI1dgJlituue of the source and the distance from 
the source to the point of interest if the detona- 
tion occurs in a vacuum. If the detonation oc- 
curs at an altitude sufficiently high that essen- 
tially vacuum conditions prevail, it is designated 
an exoatmospheric detonation. Since, in any 
case, the vacuum will be less than perfect, the 
distinction between ~xoatmospheric and endoat- 
mospheric detonations will depend on the de- 
gree to which effects vary from those predicted 
for a vacuum. This will depend on weapon de- 
sign features, particularly whether the X-ray 
Jl 


trum is hot or cold. 
For perfect vacuum conditions, the X- 


ra' energy fluence at a range R from the point 
of detonation is 


Eo 
2 


I{) =-- cal/em 
411R2 


,,'nprp F' 
is the X-ray yield of the weapon in 


.:> 


calories and R is the distance in centimeters. If 
E 
is not known, it may be estimated as 75 
o 
percent of the total yield of the weapqn. Using 
the relationship that 1 kt = 101 2 calories, the 
vacuum fluence is shown as a function of dis- 
tance from detonations of various x-ray yields in 
Figure 4-12. The fluence may also be calculated 
from the equation 


85.7 W x 
I{) = ------=.;.... 


R~ 


',\'!;::c I~IX is the X-ray yield in kilotons and R f is 
the range in kilofeet. 


• 
Since no interactions can take place in 
an empty medium, no changes in the spectral 
distribution of X-rays occurs in exoatmospheric 
detonations. For the same reason, the tim\: de- 
pendence of X-ray energy flux is unchanged, and 
the time of arrival of the pulse at range R is R/c, 
where c is the velocity of light. Since, for the 
calculation of effects, only times relative to the 
arrival time are important, the only variation of 
effects with range is due to the variation in total 
fluence. 
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Endoatmospheric Detonations • 
II The X-ray e~vironmer:! produced by nu- 


clear detonations within the atmosphere are 
much more complicated because of the many 
interactions that can take place between the 
X-rays and the atmosph~ric constituents. Photo- 
electric absorption, elastic scattering, and inelas- 
tic (Compton) scattering all play a part in alter- 
ing the total X-ray fluence that reaches a given 
range, the spectral distribution at that point, and 
the time rate of energy delivery. Density gradi- 
ents and other inhomogeneities in the atmo- 
sphere cause the X-ray environment to deviate 
from the spherical symmetry exhibited in vac- 
uum detonations. Because of scattering, the 
X-ray photons arriving at a given point do not all 
arrive from the direction of the detonation; in 
fact, some may arrive from precisely the oppo- 
site direction. 


4-11 
The Standard Atmosphere • 


• 
The estimation of X-ray environments 
around an endoatmospheric nuclear detonation 
requires a knowledge of the atmospheric prop- 
erties along any path that an X-ray photon 
might traverse from the weapon to the point of 
interest. Although atmospheric properties can 
_change somewhat from day to day and place to 
place, most calculations are based on a standard 
atmosphere such as the one described by the 
National Bureau of Standards in 1962. The irn- 
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Figure 4-12 .• 
X-Ray Fluence in a vacuum. 
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• 
portant atmospheric constituents are 


Nitrogen 
Oxygen 
Argon 


Fraction by 
Weight 


0.7553 
0.2318 
0.0129 


Argon is included because its photoelectric ab- 
sorption cross section for X-rays is large and seri- 
ous errors can be made if it is neglected. The 
other minor components of the atmosphere, 
however, can be neglected without serious loss 
of accuracy . 
• 
The other principal feature of the stan- 


dard atmosphere is its variation in density with 
altitude. The density. p, falls approximately ex- 
ponentially with increasing altitude, as is shown 
in Table 4-5 and Figure 4-13. Also shown is the 
quantity of air above a given altitude, h. which is 
given by the mass integral 


q(h) = foe. p(I1')dh' 


h 


Table 4-5 also shows the density normalized to 
the sea level density , Po' 
II If two points are at altitudes h) and 112 


ana are separated by a horizontal distance, d. 
then the slant range R is given by 


and the mass integral between them is given by 


• 
This expression reduces to 


when d = 0 and (in the limit) to 


q(R) = p(h)R 


when hi = h2 (the coaltitude case) . 


• 
These values for the mass integral be- 


tween the source of X-rays and the point of ob- 
servation are to be used for the quantity pR in 
the flux or fluence attenuation equations as de- 
scribed in paragraph 4-3. When the mass integral 
is used instead of the absolute range, the X-ray 
environment is substantially independent of 
other parameters; this property is known as mass 
integral scaling. 


4-12 
Direct X-Ray Fluenc ... 
in the Atmosphere _ 


• 
If the attenuation equations are com- 


bined with the results for vacuum fluence, the 
direct fluence from a weapon with hi x kilotons 
of X-ray yield is 


at a range R. where q is the mass integral calcu- 
lated along Rand K. is the mass attenuation coef- 
ficient. Notice that q will not be the same fat; 
different directions of R unless the atmosphere 
is essentially uniform, so that contours of con- 
stant fluence usually are not spherically sym- 
metric about the burst point, although they 
usually are cylindrically symmetric about a ver- 


t~xis. 
_ 
Moreover, the value of the mass attenua- 


tion coefficient " varies with X-ray photon 
energy according to the curve shown in Figure 
4-4, so that the direct fluence must be calculated 
by weighting monoenergetic calculations by the 
spectral distribution. For a given penetration of 
the atmosphere, q(RJ. this weighting process can 
be replaced by using an effective K. but the value 
of this effective" will change with q(RJ. Similar- 
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Table 4-5. _ 
The Standard AtmosPhere. 


Altitude 
(kft) 


o 
5 


10 
20 
30 . 


40 


50 
60 
70 


80 
90 
100 


110 


120 
130 
140 


150 
160 


180 


200 


:~J 
300 


400 
500 
1,0()o 
- 


1.2250 x 10-3 


1.0556 x 10-3 


9.0477 x 10-4 
6.5312 x 10-4 
4.5904 x 10-4 
3.0267 x 10-4 
1.8756 x 10-4 
1.1628 x 10-4 
7.1742 x 10-5 


4.4174 x 10-5 


2.7391 x 10-5 


1.7101 x 10-5 


1.064 7 x 10-5 


6.6487 x 10-<; 


4.2214 x 10~ 
2.7222 x 10-<; 
1.7810 x 10-<; 


1.1968 x 10-<; 


5.6991 x 10-7 


2.7163 x 10-7 


3.6248 x 10-8 
2.3839 x 10-9 
1.8645 x 10-11 


1.6329 x 10-12 


3.2769 x 10-14 


ly, the spectrum changes as matter is traversed 
because of the varying proportions of photons 
absorbed or scattered out of the flux at varying 
M 


energies. 
In practice, the most accurate method 
or calculating fluences uses Monte Carlo com- 
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Mass Integral 
Above Altitude 
(g/cm2) 


1.0331 x 103 


8.5967 x 102 


7.1059 x 102 


4.7525 x 102 


3.0749 x 102 


1.9305 x 102 


1.1973 x 102 


7.4292 x 101 


4.6182 x 10 1 


2.8855 x 101 


1.8151 x 101 


1.1493 x 101 


7.3417 x 100 


4.7534 x 100 


3.1247 x 100 


2.0831 x J 00 


1.4070 x 100 


9.5903 x 10-1 


4.4396 x 10-1 


1.9859 x 10-1 


2.0476 x 10-2 


1.5137 x 10-3 


2.7532 x 10-5 


6.2391 x 10-<; 
o 


Density 
Normalized 
to Sea Level 


1.0000 x 100 


8.6170 x 10-1 


7.3859 x 10-1 


5.3316 x 10-1 


3.7473 x 10-1 


2.4708 x 10-1 


1.5311 x 10-1 


9.4919 x 10-2 


5.8565 x 10-2 


3.6060 x 10-2 


2.2360 x 10-2 


1.3960 x 10-2 


8.6918 x 10-3 


5.4275 x 10-3 


3.4460 x 10-3 


2.2222 x 10-3 


1.4539 x 10-3 


9.7697 x 10-4 


4.6523 x 10-4 
2.2174 x 10-4 


2.9590 x 10-5 


1 .9460 x 10-<; 


1.5220 x 10-8 


1.3330 x 10-9 


2.6750 x 10-11 


puter codes with accurate photon cross sections 
for each energy group and each scattering or ab- 
sorbing process. This technique is also essential 
for following those X-ray photons scattered out 
of the direct fluence, as will be discussed subse- 
quently. 
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Figure 4-13. • 
The Standard Atmosphere • 
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4-13 
Scattered X-Ray Fluence_ 


• 
Th.: X-r:Jys arriving 
3t 3 given point 


co 111 I? not only diri.?..:tl) from the source but also 
indirectly (and usually fro111 other: directions) 
after Olle or more scattering events. The proba- 
bilities of scatfcred photons contributing to the 
nux depends 011 the total cross sections for scat- 
tering und the differential cross sections for scat- 
tering at specific angles. The flux of scattered 
phctons is usually computt:d by a Monte Carlo 
simu1:Jtion of the paths L,lI,en by a representative 
""I"l"- ". V"V'V",). ("king into account also the 
possibility ofdegradatiol1 of energy in Compton 
scatt.:ring, The resultant flux adds to that pene- 
trating direct ly from the source, and the ratio ef 
the total flue nee to the direct fluence is known 
as the build-up factor. The build-up factor in- 
creases frolll unit\.' \'en near the sourcc to more 
- 
- 
. 
thal1 one hundred for longer ranges. 


• 
'\0 simpk analytic expression gives till' 


bl 
-up factor. but Figures 4-14 through 4-1 () 


gi\ l' dirl'l't and tot;.)1 fluences :1I1d tlll' build-up 
(;Jetor lor thrl'e representative X-ray sources. In 
the monoenergetic source case (Figure 4-14). the 
dlrl.'c\ lluClh:l' 
IS <lttel111ated exponentLJlly (in 
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0-' 


:~ 


addition to the spherical divergence. which is 
not included since the fraction of vacuum flu- 
ence is the quantity shown). The build-up fac- 
tor, which includes photons of degraded energy. 
rises so rapidly that the total fluence for short 
ranges actually exceeds that expected for the' 
vacuum case, in which only spherical divergence 
would be operating. Figure 4-15 and 4-]6 show 
results for black body source spectra, also nor- 
malized to the vacuum fluenee. Notice that the 
direct fluenees are no longer exponential, al- 
though in the latter case a mass attenuation co- 
efficient corresponding to about five times the 
black body temperature gives reasonable results. 
The normalized Ouenees for the latter two cases 
tabu 
d in Table 4-6. 


co d X-rays are attenuated much more quickly. 


air, because the mass attenuation 


4-14 
Low Altitude Endoatmospheric 
Detonations • 


• 
Low altitude (deep) endoatmospht'ric 


detonations are the next simplest case 
after 
vacuum detonations - because the air density is 
sufficiently high that most of the attenuation 
occurs close to the burst point. Therefore, there 
are no large variations in density to affect criti- 
c;Jlly the computation oftluellces. In p;:Jrticular. 
the density or air through which the scatll'red 
X-r<lYs reach a given point does not differ greatly 
from that through which the direct X-rays pene- 
tr;Jte. Although whether or not altitudes are low 
(detonations are deep) depends on the energy 
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4-14 .• 
Energy Fluence and Build-up Factor for a 
Monoenergetic Source in Homogeneous Air. 
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X-Ray Fluences for Black Body Sources II 


• 
spectrum of the weapon, if deep endoatmo- 
spheric conditions do prevail. the X-ray environ- 
ment can be approximated by mass integral scal- 
ing. The total quantity of air (the mass integral) 
between the source and the point of interest is 
computed as described in paragraph 4-11, and 
then the appropriate direct and scattered flu- 
ences ror the given energy spectrum are calcu- 
lated as described in paragraphs 4-12 -and 4-13. 
Examples of such calculations are provided in 
Problems 4-5 and 4-6. Less detailed examples are 
oi<;ctl,,<;ed in the foil 
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e 
uences for the same mass- 
scaled distances in directions other 
than horizontal are approximately the same. For 
instance, the actual distance to the 10 cal/cm2 


contour will be somewhat larger vertically up- 
ward than horizontally because the air is some- 
what less dense; conversely. the distance vertical- 
ly downward will be somewhat smaller. The 
resulting fluence contours are egg-shaped. 


_ 
Furthermore, the computed fluences 


wifte even more accurate at the same mass- 
integrally scaled distances as the burst pOint falls 
lower in the atmosphere. The X-ray fluence con- 
tours will tend to become more spherical and 
contract because of the increasing air density. 
On the other hand, the reliability of the compu- 
tations decreases as the burst altitude increases 


) 


( 


effects on materials may depend 
environment 


X-ray damage mechanisms 
are discussed in Section V of Chapter 9. 
, 
-. 
The spectrum of the direct fluence tends 


~ome harder - 
that is, its proportion of 
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Figure 4-'''- Mass Integral for Specified Coaltitude Separation 


'~nces as a Function of Altitude. 
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high energy X-rays increases - as the mass of air 
penetrated increases. This phenomenon occurs 
because the higher cross sections, particularly 
for photoelectric absorption, occur at lower 
energies and preferentially remove low energy 
X-rays from the direct f1uence. However, every 
Compton scattering process degrades the energy 
of the scattered photon, and the scattered com- 
ponent of the f1uence tends to become increas- 
ingly soft as the penetration increases. These 
two effects partially compensate for one an: 
other, and the typical black bodyspecfrum is 
little affected by passage through air. 
_ 
The rate of X-ray production from 


~eapons as sour 
s alread been dis- 


cussed in 


Because the scatte 
component is soft- 
n the direct component and arrives later, 
the spectrum of X-rays incident also varies with 
time in a complex fashion, and the dependence 
varies with the quantity of air traversed. Similar- 
Iy, the direct f1uence is all moving radially out- 


ward from the source, whereas the scattered 
photons can be incident from all directions, even 
from directly opposite the source. Thus the frac- 
tion of the energy flux moving outward (angles 
less than 90° from the radial vector) varies with 
time and location. In general, the fraction de- 
creases from unity as time increases. However, 
when all times are considered, about 80 percent 
of the total f1uence is outward for most ranges, 
and the fact that a portion of the fluence is 
backscattered . can be neglected for most appli- 
cations. 


4-15 
High Altitude Endoatmospheric 
Detonations • 


• 
When nuclear detonations are so high 
that mass integral scaling is not correct, but yet 
sufficiently endoatmospheric that vacuum con- 
ditions are not satisfied, special and detailed cal- 
culations must be made for each case of interest. 
Although mass integral scaling is applicable for 
the direct f1uence. the scattered component tra- 
verses paths of varying composition, and detailed 
Monte Carlo computer codes are necessary to 
describe the interactions. 


,~ 
...... ~. 
-.- 
. 
p 
g 
• 


puting horizontal ranges, the curvature of the 
earth was considered. The resulting total f1uence 
contours are shown in Figure 4-21. Contours for 
the mass integral are also shown. Vacuum f1u- 
ences and attenuation factors can be computed 
and direct f1uences predicted from these con- 
tours. 


. I?I.': 


I.!.)(~ 


~-'lo rANfI~J, ~-~ 
01-'- tI .. /e"kJ." 


4-39 


( 


Problem 4-5. . Calculation of Direct Fluence in the Atmosphere 


_ 
Because every interaction of a photon 
witi1 the material it traverses takes it out of the 
beam, the attenuation of direct fluence is expo- 
nential with the mass integral traversed, for a 
given energy of X-ray photon. Changes in spec- 
+.' 
::an be computed by calculating the 
contributions of the various energy components 
as the atmosphere is penetrated. As discussed in 
paragraph 4-] 2, the weighting of monoenergetic 
components becomes laborious for complex 
spectra, and these calculations usually are per- 
formed with computer codes. For this reason, a 
very simple example has been chosen to iJ]us- 
trate the procedures. 
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Chapter 5 


NUCLEAR RADIATION PHENOMENA 
di E 


INTRODUCTION II 


As described in Chapter I, one of the 


0:>1" ..... ,;:" features of a nuclear explosion is the fact 
that it is accompanied by the emission of nu- 


CII:!:2.f radIations, These radiaticns CC?nsist of 
gamma rays, neutrons, beta particles, and a small 
proportion of alpha partieJes, Most of the neu- 
trons and part of the gamma rays are emitted 
during the actual fission or fusion processes (see 
paragraphs I-I and 1-2, Chaj)ter I). The re- 
mainder of the gamma rays are produced in var- 
ious secondary nuclear processes, including 
decay of the fission products. The beta particles 
are also emitted as the fission products decay. 
Some of the alpha particles result from the nor- 
mal radioactive decay of the uranium or pluto- 
nium that does not fission in the weapon, and 
others are formed during the fusion reactions 


• 


p. ra2T3ph 1-2), 


As a result of the nature of the phenom- 


ena associated with a nuclear explosion, it is 
convenient to consider the nuclear radiations as 
being divided into two categories; initial and 
residual. The line of demarcation is somewhat 
arbitrarv. but it is generally accepted to be 
.. !;,.:.. ... : 1 minute after the explosion. The initial 
nuclear radiations consequently refer to the radi- 
ations emitted within .1 minute of the explosion. 
These radiations are discussed in Section I of 
this chapter. The residual radiations are further 
subdivided into neutron induced acti\ity, which 
results from neutron activation of the earth be- 
Iowan air burst, and fallout, which is the deposi- 
tion of radioactive residues following a surface 
or near-surface burst. These latter two forms of 
nuclear radiation are discussed in Sections 11 and 
III of this chapter. respectively. 


• 
The ranges of alpha and beta particles 
are --:r.ort. and they can be neglected in the con- 
sideration of initial radiation. The beta particles, 
however. may be a hazard to personnel if fallout 
particles are in contact with the skin for pro- 
tracted periods of time. ~e beta particles 
emitted by radioactive debris from high altitude 
explosions also may cause intense patches of 
ionization in the atmosphere thi,!-t can interfere 
with, or disrupt, radio or radar communications 
as described in Chapter 8. 


SECI10N I 
INITIAL NUCLEAR 


&V'1I. ......... TION 'I 


.. 
From the standpoint of total energy de- 
li;=' the principal sources of initial nuclear 
radiation (that delivered within 1 minute) are 
prompt neutrons (those en1.itt~d simulta.:1eously 
with the fission or fusion events), gamma rays 
from the decay of rJssion products, and (in the 
cas<: of an atmospheric burst) secondary gamma 
rays from neutron ;flter!cti.,!,,~ with m!dei of 
the m and ground. Sources of Jesser importance 
from the standpoint of energy delivered are de- 
layed neutrons emitted by some fission prod- 
ucts, secondary gamma rays from neutron inter- 
actions with ~~e materials of the device. and 
gamma rays that are emitted simultaneousJy 
with rlSSion. These latter components normally 
may be neglected in predicting total doses or 
exposures; however, the gamma components 
may be important for electronic comP<"nents 
whose vulnerability is detennined by dose rate 
rather than total dose. 
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NEUTRONS II 
poses of generalization. Further infonnation 
II 
concerning nuclear weapons as neutron sources 
Neutron Source 
may be obtained from "Status of Neutron and 


As mentioned previously, the neu- 
Gamma Output from Nuclear Weapons," DASA 
trons 
originate during ilie rlSSion and 
2567 (see bibliography). On the other band, the 


fusion Pl'(\cesses. The neutron Source of interest 
curves shown in rJgUtes 5-9 through 5-13 that 


i~ that which exists at the weapon case, i.e., the 
provide the total dose to persor.nel on or near 
source of interest consists of those neutrons that 
the surface of the earth were calculated for eight 


escape from the exploding weapon. Both the 
specific sources. It is believed that, with the de- 
nr.mOOr of neutrons'and their.~ctrum are alter- 
scriptions of the eight sources provided in Table 
ed during transit through the weapon materials. 
5-3, one of the eight sources may be selected 


Thus. the source of interest may be quite differ- 
that will represent a reasonable estimate of the 
ent from the source of origin (fission or fusion). 
total dose to personnel on or near the surface of 
The neutron source can be dermed properly 
the earth for most situations . 
only by considering the actual design of a spc- 
• 
Table 5-1 shows the spectra for two 
. dfic weapon. No average source can be dermed 
weapons. one pure fission and one thermonu- 


that "ill represent mct weapons with any 
clear. for which calculations are available .• 


degree of accuracy. It is beyond the scope of 
These spectra are also shown in Figure 5-1 and 


this manual to describe the output of a sum-•. 
cient ~umber of weapon types to present the 
As mentioned before, the spectra 
user with adequate information concerning the 
own m Table S-J should not be construed as 
neutron output for any possible specific situa- 
tion. The examples that are presented in suc- 
ceeding paragraphs are truly examples and 
should not be taken to be representative for pur- 


•• 
ese spectra are tho.e that wen: lid in the calculation of 
dose to pcI1OlI:Iel from wapon types U .uut vm, ~ly. 
as IbOW'IIlct Figure. 5-9 duo. 5-13. 


Neutron Energy 


(MeV) 


12.2 
-IS.o 
10.0 
-12.2 
8.18 -10.0 


6.36 - 8.18 


4.06 - 6.36 


2.35 - 4.06 


1.11 
- 2.35 


0.11 J - 1.11 
0.0033- 0.111 


Total 
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Table 5-1.. Weapon Neutron Output Spectra • 


Fission Weapon 
(oeutroftS/kt) 


7.32 x 1020 


1.27 x 1021 


3.00 X 1021 


8.90 x loll 


252 x 1022 


3..84 x loll 


2.22 x loll 


9!J7 x loll 


# 


. 
. 
, 


Thermonuclear Weapon 
(neutrons(lct) 


1..62 x 1022 
853 x loll 


6.D8 X loll 
5.46 x ]021 


6.41 x ]021 


1.22 x 1022 


2.84 x 1022 


6.18 x loll 


1.71 x .023 


3.16 x 1023 
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Figure 5-1. II Spectrum for :II Fission Weapon 
(Normalized to 1 let) • 
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Figure 5-2. • 
Spectrum for I 1'herrN,nuciear Weapon 
(Normalized to 1 let! • 
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vary with weapon design ever. for 


.... capons with the Same total neutron output per 


!~~'!on .. 


5-2 
Exoatmospheric (Vacuum) 
Transport • 
_ 
Neutron enVlI'onments are completeiy 


specified by the description of the source and 
the distance from the source to the point of 
interest if the explosion occurs in a vacuum. If 
an explosion occurs ,sufficiently high that essen- 
tl2lly V"d.CUUIn conditions prevail, it is designated 
an exoatmospheric explosion. Since in any case, 
the vacuum will be less than perfect, the distinc- 
tion between exoatmospheric and endoatmo- 
spheric explosions will depend on the degree to 
which effects vary from those predicted for a 
vacuum. 
II 


For perfect vacuum conditions, the neu- 
tron luence is given by 
, 


where No is the total number of n~utrons emit- 
ted by the weapon and R is the distance in centi- 
meten;. Under these conditions the spectrum 
will remain constant, since no interactions can 
take place in a vacuum. However, as a result of 
. the energy diff~ces the Dux (neutrons c:m-2 
sec') ) will be a function of the distance from the 
soun:e. ie., the more energetic neutrons will 
an:ive ahead of the less energetic ones. The 
energies associated with neutrons produced, by 
nuclear explosions are sufficiently low compared 


, 
' 
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to their rest mass energy that their velocities 
may be determined from their kinetic energy 
by non-relativistic mechanics, ie., 


1 
"2Mv2 = LE., 


where M is the neutron mass, 1.67 x 10.24 gm, v 
is the velocity, em/sec, and K.E. is the kinetic 
energy in ergs. Using the relationship 


1 MeV = 1.6 x 10"6 ergs, 


the velocity is related to the kinetic energy in 
MeV as follows 


v= 1.38 x 109 VK.E. (MeV) em/sec. 


or 


v= 1.38 x 10' ...JK.E. (MeV) km/se-c. 


Thus the velocities of 14 MeV, 4 MeV, and 1 
MeV neutrons are 


V14 = 1.38 x 104 V14 = 5.16 x 104 km/sec. 


v4 = 1.38 x 10'...f4 = 2.76 x 104 km/sec, 


VI = 1.38 x 104 VI = 1.38 x 10' 'lan/sec. 


Expressed in a different manner, the times of 
flight will be 19.3, 36.2, and 72.4 il sec/km for 
the 14 MeV, 4 MeV. and 1 MeV neutrons, re- 
spectively. Thus, although the spectrum will 
remain unchanged, the neutrons will arrive at 
points several kilometers from the explosion 
over periods of tens of microseconds. 


5-3 
Neutron Tmnsport Through 
MaterialS. 
_ 
Neutrons undergo three main types of 


reactions when traversing matter: elastic scatter· 
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ins; inelastic scattering; and capture. In the elas- 
tic scattering process. the neutron interacts with 
the nucleus of an atom nnd is scattered away 
from its original line of flight. If the nucleus is 
light (e.g., the proton that constitutes a hydrogen 
nucleus), the neutron may transmit a significant 
amount of its energy to the nucleus. and the 


~:~~;.:.J ... (.utron will be less energetic than the 
incident neutron. If the nucleus is heavy. how- 
ever, the energy transmitted to the nucleus will 
be insignificant. and the neutron will continue 
in a new direction with essentially the same 
energy as before the collision. In the inelastic 
scattering process, the neutron interacts with the 
nucleus with tI;1e subsequent emission of a pmma 
ray and a neutron with degraded energy. There 
. are a variety of capture reactions, most of which 
result in the subsequent emission of a charged 
particle (generally a proton or alpha particle) 
and/or a gamma ray. When the reaction results 
solely in the emission of a gamma ray, it is 
generally referred to as a radiative capture reac- 
tion. As a rule, the probability for capture reac- 
tions is small compared to elastic and inelastic 
scattering when the neutron energy ~xceeds a 
few keV. The nuclei remaining after neutron 
capture are frequently radioactive. The rlSsion 
process described in paragraph 1-1 is a special 
case 01 neutron-induced reactions. Neutrons that 
do not undergo any of the reactions descnDed 
above will decay into a proton and an electron 
with a half life of about 12.8 minutes. The same 
is true of neutrons that undergo scattering, if 
they do not undergo some other reaction prior 
to deca)ing. The probabilities of the -various reac- 
tions are such that the decay process is most 
important for neutrons traveling upwards from a 
relatively high altitude burst. 
- 
.. 
The primary reactions that occur during 


~n 
transport through air are elastic scatter- 


in£. inelastic scattering, and capture by nitrogen 
Duclei. These latter two reactions provide a. 
source of !=eCOndary gamma rays that can be 
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important in some cases, as will be discussed in 
li 


b 
uent paragraphs. 


The neutron -:nvironment produced by 
nuc ear explosions w3t~ the atmosphere are 
much more compli-:ated than those described in 
paragraph 5-2 for exoa'.mospheric cases because 
of the interactions. :.hat take place with the 
atmospheric constituents. Even for a monoener- 
getic source the interactions described above 
alter the total neutron fluence that reaches 2 
given range, result in a spectral distribution at 
that point, and change th~ time rate and direc- 
tion of arrival at the point. As a result of scatter- 
ing, the neutrons may arrive at a given point 
from any direction. If the source consists of a 
spectrum such as those shown in Figures 5-1 and 
5-2, the situation is even more complex. In prac- 
tice, the calculation of neutron fluences, fluxes, 
and spectra at some point distant from an enda- 
atmospheric nuclear explosion, or for the in- 
terior of a system that is operating exoatma- 
spherically. is performed by complex computer 
codes. It is beyond the scope of this manual to 
provide the means for calculating all of these 
quantities or even to provide a description of the 
methodology. The latter is contained in Vo11Dlle 
m of the "Weapons Radiation Shielding Hand- 
book," DASA 1892-3 (see bibliography). "Select- 
ed examples of the change in fiuence an~ spec- 
trum will be provided in succeeding pan:graphs 
and figures. 
_ 
An extensive set of tabulated results of 
computer calculations of neutron fluxes and 
. doses is contltined in "Time-Dependent Neutron 
and Secondary Gamma-Ray Transport in an Air- 
Over-Ground Geometry." ORNL-4289. Vol. II. 
(see bibliography). These data were used to ob- 
tain the spectra that would result from the 
source spectra shown in Figures 5-1 and 5-2 at 
slant ranges of 390. 1,050. and 1.500 meters . 
The resulting spectra are shown in Figures 5-3 
and 5-4, respectively. Note that the spectra in 
Figures 5-3 and 54 show 41r (slant rangey x 
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f1uence. This does not mean that the spectra will 
be the same in all directions. The spectra shown 
in Figures 5--3 and 5-4 only apply to low air 
bursts and to targets located on or near the sur- 
face of the earth. The units for the ordinates in 
Figures 5-3 and 5-4 were chosen to allow a con· 
venient visual comparison with Figures 5-1 and 
5-2, 
re~ctively. Inspection of Figures 5-1 


through 54 indicates that the shape of the fis- 
sion SOuTee spectrum is not changed appreciably 
<1unng uansll waugh 1,500 meters of air (the 
relative abundance of extremely low energy neu- 
trons, much lower energies than shown in Fig- 
ures >1 through 5-4, will innease, nC'Wever). 
The shape of the thermonuclear sp:.ctrum, on 
the other hand, does change as the neutrons 
penetrate air. The peak that exists at 14 MeV at 
the source becomes lower relative to the total, 
and the valley between about 8 and J 2 MeV at 
the SOuTee becomes filled in as the higher energy 
neutrons are degr.tded to the 8 to 12 MeV range. 


• 
Fi~ 5--S and S-6 show the neutron 
uence for a receiver located on or near the sur- 
face of the earth as a function of slant range for 
the source spectra shown in Table 5-1. The 
fl.Jence is shown for each of the eneTID' inteIVals 
in Table 5-1. The total number Ouence for neu- 
tron energies above 3.3 keV·is -also shown for 
each source. Once again the user is cautioned 
that these Ouences should not be considered 
..... n~nbtfvp They are presented as illustrative 
::::=;;:lcs. Changes in we3f'on design will change 
the SOuTee spectrum, and this will modify the 
spectrum as well as the total number fluence at 
some distance from the explosion. Figures 5-5 
and 5-6 also mustrate the large change in the 
spectral c:baracteristics of the thermonuclear 
spectrum when comparect to the variations in 
the fission spectrum with slant range. 


_ 
The preceding paragraphs have provided 


~es 
of neutron fluences and spectra from 


low air bursts for detectors on or near the sur- 
face of the ground. The presence of an air- 


ground interface can increase or decrease the 
neutron intensities by as much as an order of 
magnitude compared to' intensities at corre· 
sponding distances in an infmite air medium as a 
result of reOections and absorption by the 
ground. For source detector separation distances 
less than a mean-free path,· localized reOection 
from the ground generally tends to increase the 
intensity of high energy neutrons; howev~r. 
initial nuclear radiation is only of interest i 
very low yields at such short distances -gnce 
other weapon effects normally will be dominant. 
At longer distances, the high energy neutron 
intensity may be reduced by a factor of five or 
more compared to infmite air when both the 
source and the detector are at the ground sur· 
face. These effects have been included in the 
calculations from which the preceding figures 
li 


e 
derived. 


The estimation of neutron environments 
arou 
an endoatmospheric nuclear explosion 
for receivers away from the surface of the earth 
requires a knowledge of the atmospheric proper- 
ties along any path that a neutron might traverse 
from the weapon to the point of interest. Al- 
though atmospheric properties can change fTom 
day to day and from place to place, most calcu- 
lations are based on a standard atmosphere such 
as the one described by the National Bureau of 
Standards in 1962. The important atmospheric 
constituents that affect neutron transport are 


Nitrogen 


Oxygen 


Fraction by 


Weight 


0.7553, 
0.2318. 


I~ 
_.free path is die distance in which the r&d.ia'lion 


. 
. is ~ 
by • factor or t:. whe:rc e is die bue of the 
:aamnlloprlthms (abOut 1.718). 1be Jensth or. mcan.f.ree path 
depcDds 01\ the _tron em:q;y md on whether onJ:y the direct 
flucDce or die ICtal (direct plus scane:red) fluence is beiDa 
CIODSidc:red. 
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Figure 5--3. til Spectra from the Fission Source 


of Figure 5-1 with the Receiver 
On or Near the Surface of the 
Earth It Various Slant Ranges II 
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Figure 5-4 •• Spectra from 'the Thermonuclear Source 


of .t:re 6-2 with the Receiver On or 


Near the Surface of the Earth 
lit Various Slant Ranges til 
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Figure 6-5. _ 
Neutron Fluence Incident on a Receiver 
Located On or Near the Surface of the 
Earch from the Fission Spectrum ShCIwn 


in Table 5-1 and Figure 5-1 _ 
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Figure 5-6. II Neub'On Fluence Incident on a Receiver 
Lacatzd On or Nar the Surface of the 
&nh from the Thermonuclear Spectrum 
Shown in Table 5-1 and Figure 5-2 .. 
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- 
Other minor components of the atmosphere can 
he neeJected without serious loss of accuracy. 
_ 
The other principaJ feature of the·stand- 
~mosphere is its variation in density with 
aitilude. The density, p, falls approximately ex- 
ponentially with increasing altitude, as is shown 
in Table_ 5-2. A1so shown is the quantity C?f air 
abov!: a given altitude, h. which is given by the 


Al'~ :1.~~t;;.a.Z 


q(h) = [- 
p(h')dh'. 


h 


Table 5-2 also shows the density nonnalized to 
M 


sea level density, Po' 


If two points are at-altitudes hi and h2 
an 
3J'e separated by a horizontal distance, d. 


thc::n the slant range R is given by 


and the mass integral between them is given by 


(U) This expression reduces to 


when d = 0 and (in the limit) to 


q(R) = p(h)R 


when hi = h2 (the coaltitude ca .... e).· 
. 


• 
If the air is characterized by an atomic 


density Pi for each important constituent, then 


., 
1he walue or die mass iDtepaJ as a functioa of a1ti~c is 


shOwn iD Figure 4-17 for VIrious coaJtihide ep.ratioa distulces.. 


Table 5-2. 11 The Standard Atmosphere. 


Mass Integral 
Density 


Altitude 
Air Density 
Above Altitude 
Normalized 
(lcjt) 
Wcm3) 
Wcm2 ) 
to Sea Level (PIPo) 


0 
1.2250 x 10-3 
1.0331 x 103 
1.0000 x 10° 


5 
1.0556 x 10-3 
8.5967 x lal 
8.6170 x 10-1 


10 
9.0477 x 10-' 
7.1059 x lal 
7.3859 x 10-1 


20 
6.5312 x 10-' 
4.7525 x lal 
53316 x 10-1 


30 
4.5904 x 10-' 
3.0749 x lal 
3.7473 x 10.1 


40 
3.0267 x 10-' 
1.9305 x lal 
2.4708 x 10-1 


50 
1.8756 x 10-' 
1.1973 x 102 
1.5311 x 10-1 


60 
1.1628 x 10-' 
7.4292 x 101 
9.4919 x. 10.2 


70 
7.1742 x 1<1"5 
4.6182 :It 101 
5.8565 :It 10.2 
ao 
4.4174 x 1<1"5 
2.8855 x ]01 
3.6060 :It 10.2 


90 
2.7391 x 10-5 
1.8151 x ]01 
2.2360 :It 10.2 
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• 
for every centimeter that a 'leutron traverses. 
there are Pi atoms of that type witbin a c:ross 
-sectional area of one cm2 with wbich :he neu- 
tron can interact. The probability that any reac- 
tion (elastic or inelastic scattering'or neutron in- 
duced reaction) 'orill oc:c:Jr is given in terms of a 
cross section O'i,lI (so called because it has units 
of area). which is the probability of a given 
interaction (r.} taking place with a given type of 
atom (i) under the condition that one interac- 


tiVii pt."I' unit area is possible. The probability of 


int~f3.c:tion per centimeter is therefore p = i; 


PiO'i.ll' Since this is also ~e probability that a 
neutron disappears from the incident beam, the 
beam intensity falls by a factor e-P.x after baving 
penetrated a distance x into the material. It is 
often convenient to express the penetration in 
terms of the total amount of material "seen" by 
a be2.m of neutrons, {JX. where P is the mass 
density of the material. In this case, the mass 
attenuatIon coefficient" = pIp is used. Thus, in 
the endoatmospheric case, the neutron fluence 
at a point depends not only on the spherical 
divergence described in paragraph S-~ for the 
exoatmospheric case but also on exponential 
attenuation, so that 


, ...... T'!' I< is the radial distance from the source in 
centimeters and No is the total number of neu- 
trons emitted. 
. 
_ 
It is fr...quently convenient to replace the 
quanuty pR by the mass integrcl q(R) described 
above, so that the equation for Duence becomes 


nus procedure is known as Dla'lS integral scaling. 
Notice that q will be different for different di- 


, 


• 


rections of R l.:~!ess the atmosphere is essentiaily 
l:niform, so that contours of constant fluenc:e 
usually are not spherically symmetric about the 
burst point, although they usually are cylindri- 
c:al1y symmetric about a vertical axis unless 
asymmetries are introduced by the weapon. 
.. 
The expressions given above, however. 


~represent the component that reaches the 
point directly from the source. Scattered neu- 
trons also reach the point from other directions. 
The result is that the fluence at that pOint is 
larger by a buildup factor B. The magnitude of B 
depends on the distance from the source. the 
energy spectrum of the neutrons. and the prop- 
erties of the scattering material in complex 
ways. The Dux of neutrons (neutrons/cm2-sec) 
is alte!'ed as a result of the fact that scattered 
neutrons travel ionger paths and neutrons of any 
given energy will arrive at the point over a timte 
ti.-ne span even after undergoing only elastic 
scatterings. This a1teration of the flux with dis- 
tance is in addition to the alterations resulting 
from differen~s in time of flight of different 
energy neutrons discussed for exoatmosphenc 
transport in paragraph 5-2, and further altera- 
tions will result from Ute changes in the spectral 
distnoution during endoatmospheric transport. 
Moreover. the value of the mass attenuation c0- 
efficient " varies with neutron energy so that 
even the direct fluenc:e must be calculated by 
weighting monoenergc::ti.; QIJ.~tio~ by Lhe 
spectral distribution. For a given penetration dis- 
tance. this weighting process can be replaced by 
using an effective Ie. but the value of the effec- 
tive " will change with distance as a result of 
spectral changes. 


_ 
In practice, the most ac:c:urate method 


f~culating neutron fluences uses computer 
'codes with accurate neutron cross-section for 
each energy group and each scattering or interac- 
tion process. This techni!!ue is alsc essential for 
following neutrons out of the direct fluence as 
well as for calculating the flux. It is beyond the 
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scope of this manual to provide methods for cal- 
culating all of these quantities. Moreo~, the 
vulnerability criteria of electronic components 
and systems to neutrons that are given in Sec- 
tion VII of OIapter 9 and in Section IV of 
OIapter 14 are given in terms of fluence (>10 
keV f'lSSion). While these vulnerability criteria 
imply a knowledge of the spectrum. the calcula- 


~on of the spectrum at the point of interest for 
any situation would require more infonnation 
concerning source spectra than is provided 
herein. Therefore, the fonowing discussion will 
be limited to the calculation of total number 
Ouence for low altitude (deep) endoatmOSI!heric 
bursts. It should be noted that the calculations 
of the curves shown in Figures 5-3 through S-6 
. liid make use of the results of computer calcula- 


tions, and these curves are aCCUI'2te rej;)resenta- 
tions of the spectra shown in Table 5-] at vari- 
ous distances from an explosion. They are, how- 
ever, limited to low air bursts and receivers on or 
near the surface. Likewise. the calculations of 
neutron dose presented in a later subsection are 
ti 


d on computer code transport calculations. 
Low altitude (deep) endoatmospheric 
exp osions are the next simplest case - 
after 
vacuum detonati'.)ns - because the au. tiensity is 
suffic:ient!y high that most of the attenuation 
n"M'" .. Inq> tn the burst point. Therefore, there 
are no large variations ira density to affect criti- 
cally the computation of Ouences. In particular, 
the density of air through which t~e scattered 
neutrons reach a given point does not differ 
greatly from that through which the direct neu- 
trons penetrate. Although whether or not alti- 
tudes are low (e:cplosions are deep) depends on 
the energy spectrum of the weapon, if deep 
endoatmospheric conditions do prevail, the neu- 
tron fluence can be approximated by mass inte- 
gral scaling. The total quantity of air (the mass 
inttgral) between the source and the point of 
;.. ........... i" M""l'uted as described above, and 
then the appropriate buildup factors are applied 
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to the vacuum fiuenc.~ calculated for the given 
energy spectrum as del,;cribed in paragraph 5-2. 
Examples of such calculations are provided 
II 


No simple analytic expression gives the 
buil -up factor, but Figure 5-7 shows the build- 
up i"l neu'tMn Ouences fOT various monoener- 
getic neutron sources. The curves in Figure 5-7 
are based on Monte Carlo transport C3.1culations 
in uniform air. Use of the curves in Figure 5-7 
will provide reasonably accurate results up to 
burst altitude of about 60 kilofeet. The build-up 
factors in Figure 5-7 may be used wi.h some- 
what less confidence up to burst altitudes of 8S 
kilofeet. The effe~ of a non-uniform almer 
sphere become significant above 8S kilofeet, and 
computer calculations shoald be made for each 
bUISt altitude and spectrum of interest for burst 
altitudes between 85 and 200 kilofeet. It is 
beyond the scope of this manual to provide neu- 
tron environments for bursts in this altitude 
regime. For bursts above about 200 kilofeet. the 
vacuum calculations described in paragraph 5-2 
may be used. Note thaI the build-up factors in 
Figure 5-7 are given as fructions of the vacuu.-n 
fluence. 
II 


The source energy intervals used in the 
onte Carlo calculations from which the curves 
in Figure 5-7 were derived are shown below: 


Nominal Source 
Eoergy 
(MeV) 


14.1 
10.0 
75 
4.0 
1.3 
05 
0.1 
0.03 


Source Euergy 
Interval 
(MeV) 


125 -16.0 
9.0 -12.5 
6.0 - 9.0 
3.0 - 6.0 
0.7 - 3.0 
0.3 - 0.7 
0.09- 0.3 
0.01- 0.09 


.• It is unfortunate that the source energy 
intervals used in the Monte Carlo calculations 
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Figure 5-7_. NeutrOn Energy Build-Up Faetors 


for Various Monoenergetic Sources 


in Homogeneous Air • 
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differ from those shown in Table 5-1. However, 
many different sorlJ'Ce energy intervals will be 
fou.."ld in reported weapon spectra. Most of the 
reported spectra will contain a unifonn distribu- 
tion (neutrons per MeV) within art eneIgy band; 
however, some wiD contain an uneven d!stribu- 
tion for- the lower energies, e.g., l/energy for 
energies below 0.1 Mf!!V. In any ease, it generally 
will be possible to dh;'~ '.; the spectrum into ener- 
gy groups that correspond roughly to those used 
in the preparation of Figure 5-7. Intetpolation 
between the curves in Figure 5-7 shonld not be 
attempted; the spectral intervals should be ad- 
justed to usc the curves. 


• 
As an example of the use of F~ 
5-7, 
nSl er a hypothetical weapon with the foUow- 
.jng spectrum: 


NomiDal Sovrce 
Energy 
(MeV) 


14.] 
10.0 
7.5 
4.0 
1.3 
05 
0.1 
0.03 


!Olai 


Neutrons 
per let 


1.23 x 1022 
3.00 X 1021 
3.80 x 1021 
1.36 X 1022 
4.25 x 1022 
1.72 ~ 1022 
2.74 X 1022 
8.24 x 1021 


2.02 X 1023 


Assume that the neutron number fluence coaJti- 
tude at a distaace of one mile from a 1 Mt 
explosion of such a weapon at a burst altitude of 
60,000 feet is desired. The distance in centi- 
meters is 


I (mile) x 1.609 x lOS em/mile 


= 1.609 x lOS CIn. 


The vacuum f1uenc:e • .pi' for each of the mono- 
energetic neutron sources, NO!' is 


111.... 
Noi 
No! 
.p, "'--= 
=. 


I 
4r.R' 
411"(1.609 x lOS)2 
3.25 X loti 
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e.g., for the 14.1 nominal source energy, the 
vacuum fluenc:e is 


= (1.23 X J()22 n/kt) (loJ kt/Mt) 


f'14.1 
3.25 x 1011 


.p14.l = 3.78 x 1013 n/cm2 • 


In the same manner. the vacuum f1uences for 
remaining source energies are detennined to be 


Nominal Source 
Energy 
(MeV) 


14.1 
10.0 
7.5 
4.0 
1.3 
0.5 
0.] 
0.03 
Totzl 


Vacuum 
Fluence 
(n/arh 


3.78 x 1013 
9.22 x 1012 
1.17 x. 1013 
4.]8 x lOll 
1.31 x 1014 
5.29 x 1013 
8.42 x 1013 


253 x 101" 
6.22 x 101" 


From Table 5-2. the ambient air density at 60 
kiloieet is 1.1628 x 10-' gm/cm3 • The mass 
integral at a coaltitude distance of one mile is 


q(R) = p(1z)R. 


q(R) = (1.1628 x 10-')(1.609 x lOS), 


q(R) = 18.7 gm/cm2 • 


From Figure 5-7. the build-up factors corre- 
sponding to traversal of J8.7 gm/cm2 are 


Nominal Sovrce 
Energy 
,(MeV) 


14.1 
10.0 
7.5 
4.0 
1.3 
05 
0.1 
0.03 


Build-Up Factor 


(fraction of 


'Vacuum fluence) 


2.0 
2.0 
1.75 
1.9 
3.5 
S.o 
S.6 
S.2 


I 
i 
j 
1 
;. 


f 
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.1'he neutron fluenc:es in air me obtained by 
.multiplying the !3cuum fluences by the build-up 
. f:acton;: 


NomiDal Source 
Energy 
(MeV) 


14.1 
10.0 
75 
4.0 
1.3 
05 
0.1 
0.03 


Total 


756 x 1013 


1.84 x 1013 


2.DS x 1013 


7.94 x 1013 
459 x 1014 


2.64 x 1014 
4.72 x 1014 
].32 x lOIS 


2.71 x 1015 


Thus. 2._71 x 101 S neUb"ons/cm2 are incident at 
a point coa1titude at a distance of 1 mile from a 
1 Mt explosion of the hypothetical weapon de- 
scribed above burst at '60,000 feet. The corre- 
sponding vacuum fluence at the same distance 
would have been 6.22 x 1014 neub"ons/cm2 • 
Thus, there is a factor of 


2.71 x lOts = 4.36 
6.22 x 1014 


in the number of fluence for the explosion at 
60.000 feet compmed to the same distance from 


~ ... ~:'c. explosion in a vacuum. Note that the 
only meaningful fluenc:e in air is the tOlal Dum- 
:,er of fluences. Fluences shown fOJ: each nom- 
iilal source energy represent number fluence 
resulting from that source energy, but any given 
source energy fluenc:e would contain a spectrum 
of energies at the receiver. No information con- 
c:emmgthe~~dthere~r~be 
obtained by the :mass integral scaling demon- 
strated above. 
• 


_ 
If the point of interest is at an altitude 


~fers from that of the burst, but is still 
below 85 kiJofeet, the only c!:ange in the pro- 


c:edure for determining the neutron fluence in 
air is in the determination of q(R) to enter Fig- 
ure 5-7. The appropriate value may be deter- 
.mined by the equations given previously to- 
gether with the tabulated values in Table 5-2. 
Examples of the calculation of q(R) for other 
than ccaititude cases are given in Problems 4-5 
and 4-6, Chapter 4, which deal with mass inte· 
gral scaling of X-rays. The same procedures for 
determining q(R) apply to mass integral scaling 
of neutron fluences. 


_ 
GAMMA RAYS _ 


&4 Gamma Ray Sources • 


• 
As mentioned in the inb"oductoI) para- 
graph to this section, there are several sources 
for the gamma rays that contribute to the initia1 
nuclear radiation (that radiation delivered within 
I minute) from a nuclear explosion. These 
sources include the gamma rays that are released 
essentially simultaneously with the fission pro- 
cess, gamma rays resulting from non-fission 
interactions with weapon materials, gamma ray 
resulting from inelastic scattering of neutrons by 
atoms of the air (paragraph 5-3), gamma rays 
resulting from isomeric decays of weapon ma- 
terials,· gamma rays resulting from neub"on 
capture in nitrogen, and finally, gamma rays 
emitted during the decay of the fission products. 
Figure 5-8 providel; 2..."! i!!ustration ."f the- 
ti~~ 


dependence of these various sources of gamma 
rays in terms of energy released per unit time 


~ISOtopes dlat Junoe tile _ 
atcmUc DUmber and tile _ 
atomk WI:iPt may djfJ'er ill _ 
property oftbeir lJUm; tbeIe 
iIolOpCl m= called. iloma1.. DIe II1IC:k!G propeny by wbici1I 
iIomas may ttifrer may be Ibe type of particle emitted, die 
JIal[-life or CIICIIY of me :oartidC or tile pzeICIlCIC or Ib_ of 
DdioxtiYity _ Hen: the iIl=at js ill aao. Out emit JIIDIIII& rays. 
c:itht:r with or witbollt ~lDpIIDyq pc;tigJIate emissioDS. The 
pmma may be emitted by vudei of 'ftl&POIl materi:.IJ.s ...... t baw 
limply beeD.RiIed w eJIICZBY cates aboYe tbeir DCJnDa1 lUte ad 
ImIm to tIleir poaDd Db: by ~ 
ODe or more pwna 
JaY$. 
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• 
per 1."1 from a large yieJd weapon. The dotted 
curves in Fjgure S..s show the source as it would 
exist in a vacuum, ie., the gammas resulting 
from inelastic scattering and neutron capture in 
the air would not be present under vacuum con- 
ditions. . Not shown in Figure 5-8. but of p0- 
tential importance for receivers near the surface 
.,!' :!.,; .;:;.;,. j;. ll. the vicinity of a low air burst are 
gammas that result from neutron interactions 
with the ground. It is convenient to divide the 
initial gamma radiation into two components: 
prompt gamma rays that result from the ~on 
process and some neutron interactions with 
weapon materials, and are generally emitted 
within 1 to :2 ~es;· and delayed gamma radia- 
tion which originates from the sources described 
"'above subsequent to the prompt gamma ray 
emission and up to 1 minute after burst. 


5-5 
Prompt Gamma Rays • 
_ 
Prompt fission gamma rays are released 
essenbally simultaneously with the f"lSSion pro- 
cess and thus their source rate behavior is deter- 
mined by the rate profile of fission events in the 
weapon. These gamma rays escape before the 
detonation has appreciably defo~ -the weap- 
~ 
case or perturbed the atmosphere. The ener- 
gy-: distribution of the fission gamma rays has 
~ 
.um:;,.ugaa.eU using small samples of fission- 
able material; however, extrapolation of the 
small sample information to a weapon source 
involves considerable uncertainty because of the 
requirements to define the fission rate profile 
and to evaluate the attenuation provided by 
ilt 


ea on materials as a function of time. 
Another source of very early gamma 


rays 
t ccntributes to the prompt pulse results 
from the non-fission interaction of neutrons 
with weapon materials! These two sources com- 
bine to form a pulse of extremely short dura- 
tion. Although the total amount of radiation 
gIVen OIl cunng this period is small relative to 
the total. :he peak rate of the pulse is extremely 
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high. In some cases, such as for high altitude 
systems. the high ionization rate produced by 
this pulse may be the damage mechanism 
extending to the greatest range from the explo- 
sion. At low altitudes, the peak rate is attenu- 
ated rapidly. as a result of gamma ray absorption 
and scattering out of ~e time region of the peak 


The prompt gamma environment is 


very 
to weapon design and to weapon 
yield. Moreover, comparison of theory and ex- 
periment for specific weapons is poor. Most cal- 
culations and experiments agree that the prompt 
gamma yield ranges between 0.1 and 0.3 percent 
of the total yield. The prompt gamma energy 
output rate may be expressed as 


A. = 2.6 x 1()2S fW M VI 
"*' 1P 
f' 
e sec, 


where f is the fraction of the weapon energy 
emitted as prompt gamma, IV is the weapon 
yield in kt, and ,.. is the emission time (2.6 x 
l()2s is the energy equivalent of 1 kt in MeV; 
see paragraph 1-1). Using the limits quoted 
above for f and T would lead to 


(2.6 x 1 ()2S )( 10.3 ) <;; • 
(Me V/sec/kt) 


2 x lo-a 
'7P 
<: (2.6 x I ()2S)(3 x Ur3 ) 


10 .. 8 


1.3 x 1030 <: "'", (MeV/sec/kt) < 7.8 x l()lO. 


-I 
A. abate is 10-8 eamds. 
--_ 
rays from dIae iD1ZDI:tions 1M)' continue to tilDes 
~-.;; emiR of 10 micro.conds. but their contribUtioD is &eD' 
eraDy small c:ompued to other 10111'* after ODe or two .IIJates 
bc:yoDd the time or peak ~ 
cmi:aiOD. 
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Figure 5-8. til Calculated Time Dependence of the Gamma Ray 
OutpUt from a Large Yield Explosion. 
Nonnalized to 1 let • 
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However, results of calculations and experiments 
indicate that the peak gamma energy output rate 
is more likely to lie between 5 x 1029 MeV/sec/ 
Jet and 1 x 103 1 MeV/sec/kt. As mentioned 
previously, the peak gamma energy output rate 
depends on yield and on ° weapon design. The 
yield dependence shows a rough correlation as 
follows 


4l')'P = (W)-O.29 X loll MeV/sec/kt, 


at least between about 2 kt and 10 Mt. However, 
this does not account for the variation with 
weapon design, which might introduce differ- 
ences on the order of plus or minus a factor of 
3. Therefore, rather than use the yield depen- 
dent expression given above·, it is recommended 
"that the upper and lower limits given above be 
used for defensive and offensive estimates of the 
peak gamma energy output rate, respectively. 
Since no interactions take place in a vacuum, the 
peak prompt gamma exposure for exoatmo- 
spheric conditions should lie between 


If> 
.:; 
.A 
~;:;""J:I M V/ 2/ 
"IP = 
e 
em sec, 


411'R2 


where It' is the yield in kilotons, and R is the 
slant range i., centimeters. These expressions are 
equivalent to 


41 
= 8.57 x l()20W M V/ • 2/ 
_ 
e 
em" sec, and 


or 
Rj 


fIJ')'P = 4.28 x 21019W MeV/em'l/sec, 
R, 


where Rr is the slant range in Ici1ofeet. 
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_ 
Gamma rays interact with matter in 
three ways. The rust is called the Compton ef- 
fect. In this type of interaction, a gamma ray 
(primary photon) collides with an electron, and 
its energy is transferred to the electron. A sec- 
ondary photon, with less energy. is created and 
departs in a direction at an angle to the direction 
of motion of the primary photon. The second 
type of interaction of gamma rays with matter is 
the photoelectric effect. A gamma ray with ener- 
gy somewhat greater than the binding energy of 
an electron in an atom, transfers all its energy to 
the electron, which is consequently ejected from 
the atom. Since the photon involved in the 
photoelectric effect transfers all of its energy, it 
ceases to exist and is said to be absorbed. The 
third type of interaction is pair production. 
When a gamma ray photon with energy in excess 
of 1.02 MeV passes near the nucleus of a!l atom, 
the photon may be converted into matter with 
the formation of a pair of electrons, equally but 
oppositely charged. The positive electron soon 
annihilates with a negative electron to fonn two 
photons, each having an energy of at least 0.51 
MeV. In some cases, if the interaction takes 
place near the nucleus of a heavy atom, only one 
photon of about 1.02 MeV energy may be 
created. Figure 6-1, Chapter 6, illustrates the 
i! 


rocesses qualitatively. 
Any photon (e.g., an X-ray or a gamma 
ray can produce ionization in a material by 
these processes of creating secondary eJectrons 
that deposit their kinetic energy by ionizing the 
medium in which they are created. The reJative 
importance or frequency with which each pro- 
cess occurs depends upon the photon energy and 
the characteristics of the material. The Compton 
process is the dominant ionization mechanism 
for most gamma rays of interest, particularJy in 
electronic materials such as silicon, of which 
~ 
solid~te devices are fabricated. 


~ 
The spectra of the prompt gamma raj's 
are sensitive to weapon design and yield, just as 
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the gamma energy output rate is. It is beyond 
general guide to wlnerability, the approxima- 
the scope of this manual to provide spectral till' 
on is c sidered to be adequate. 
information concerning sufficient samples of 
As an example of the use of the dose 
weapons speara to be of general use (some such 
vemon, consider a system with essentially no 
samples are provided in "Status of Neutron and 
Gamma Output from Nuclear Weapons (U)," 
DASA 2567 (see bibliography». Moreover, with 
the wide range of prompt gamma output energy 
rates provided above. precise spectral data would 
he of little usc. However, most of the prompt 
garrur.a rays lie in the energy range between 0.2 
and 2 MeV, and in this energy range the 
Compton fractional cnelln" ioss is relatively con· 
stant. As mentioned above, the Compton pro- 
cess is the dominant energy transfer process for 
most electronic materials of interest (atomic 
number less than 20). These facts lead to a 
simplifiCation in the relations between the inci- 
dent prompt gamma enelln" fluence or energy 
flux and the energy absorbed by the material. 
IlIA The unit of the absorbed energy, or 
~ 
the tld. One rad is the absorption of 100 
etgS per gram of material being irradiated. Thus, 
the rad is independent of the type of radiation 
(e.g., gamma rays, neutrons. X-rays), but the 
material absorbing the radiation must be speci- 
fied (e.g., rad (Si). rad (Ge). rad (tissue». How- 
ever, in vil::W of the simplification mentioned 
above, in the case of prompt gamma rays and 
materials with atomic numbers less (r.an 20, a 
..:.......,t': ... ...>1iversion is possible, i.e., 


1 rad = 2 x 10' MeVlr:m1 • or 


1 lad/sec = 2 x 10' MeV/cin2/sec. 


These are, of course, approximations. However, 
in view of the approximate nature of the prompt 
gamma energy flux that has been provided, and 
in view of the fact that effects of the prompt 
pmma dose rates on electronics given in Section 
VB of Chapter 9 and Section ~ of Chapter 14 
are Dot provided for system design or for spe- 
.";fir. ~stem wlnerability analyses but only as a 


- -------------- 


shielding for gamma rays that is operating exo- 
atmospherically and that is 2,000 feet from a 
100 kt explosion. It is desired to detennine the 
peak gamma dose rate to a silicon transistor 
within the system. From the equations given 
previously, the maximum peak gamma energy 
flux incident on the system is expected to be 


~ = 8.57 x J()20w 
oyp 
2 
• 
Rr 


~ = (8.57 x 1 ()20 )( 1 00) 


oyp 
(2f 


and the minimum enClln" flux is expected to be 


~ = (4.28 x loI9 )(lOO) 


oyp 
(2)2 


S'<:: 1 x Ion MeV/cm2 /sec . 


Thus the peak dose rate is expected to lie be- 
tween 


D_ = 2 x 10; = loI3 rads (Si)/sec. and 


Ir 
2 x 1 


.hoyp = 
Ion 
:: 5 X loll rads (SO/sec. 
2 x 1()9 


In view of the lack of spectral data 
provided, the prompt gamma ener- 
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flY Dux for endoatmoSpheric can only be deter- 
mined by use of an effective mass attenuation 
coeffiCient (see the discussion of neutron trans- 
port :n paragraph 5-3). A reasonable effective 
mas:; attenuation coefficient for prompt gammas 
is about 2.8 x 10.2 cml/gm. Combining this 
with the exoatmospheric equations given pre- 
wiousiy, !he diIect peak prompt gamma ray ener- 


g ... ii~A IUd~ be estimated to lie between 


. >. where nl is the yield in kt, p is the density in 


gm/cm3, and R is the range in centimeters. As in 
the case for neutrons, the quantity pR may be 
replaced by the mass integral q(R). The mass 
integral may be detennined from the equations 
given in paragraph 5-3 and the data tabulated in 
Table 5-2. 


• 


The prompt gamma dose may be 


60un d by multiplying the JDinimmn and maxi- 
mum dose rates by 1 and 2 shakes;Tespectively. 


5-6 Air-Ground Second![IrY 
__ 
r. ....... !"'UI Rays • 


_ 
Potentially important sources of second- 
ary gamma rays :result from the inelastic scatter- 
ing of high-energy neutrons by the nuclei of the 
air and ground, and the capture of thermal neu- 
trons by the nitrogen-I 4 in the air and by van- 
~ 
elements in the ground. The relative impar- 


I tance of the inelastic and captare gamma rays 
depends strongly upon the neutron spectrum of 
the soun:e .. 
JIIIIIIIa Most of these gamma rays are produced 
~ 
neutro:J. source where the neutron flu- 


ence is highest. The short neutron tlight time to 


£lIC .~.u. (Ii most intense interaction, and the 


• _ _ pracli~ in~taneous character of the nu- 
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clear interaction accounts for the early (10-7 < t 
< 10"5 sec) appearance of the secondary gamma 
components. The number of jnelastic-scattering 
gamma rays relative to the total depends directly 
on the relative abundance of high-energy neu- 
trons. The fraction of the total may be negligible 
in fission warhead~ or in large thennonuclear 
warheads. As the fusion yieJd fraction is 
increased the importance of the inelastic compo- 
nent will increase . 
.. 


Any determination of the intensity of 
e astic-scattering gamma rays must rely pri- 


marily upon analysis because of the difficulty in 
distinguishing the source of the different gamDl2. 
rays measured in field tests. The rll'St step in the 
analysis is that of neutron transport calculations. 
The local source strength of inelastic gamma 
rays is an energy dependent response to the local 
fluence of neutrons. Once the source intensity 
resulting from neutron interactions in air and 
ground is kno'\\n. a gamma ray transport calcula- 
tion must be perfonned to obtain the intensity 
at pojnts of interest. 
.. 


The energy spectrum of the gamma rays 


evo ved jn elastic scattering depends on the ener- 
gy of the neutrons and the energy level structure 
of the nuclei with which the neutrons interact. 
However. the inelastic gamma rays are generally 
high in energy and, consequentJy, take on added 
significance when the target is behind a shield 
such as in a hardened military installation. Even 
though only a few percent of the gamma radia- 
tion incident on the shield results from inelastic 
. scattering, it may be the somce that ~ responsi- 
ble for the maximum rate experienced by 
equipment inside the shielded installation since 
prompt gamma rays are attenuated more rapidly 
by shielding materials than the inelastic scatter- 
ed gamma rays. Thus, where hardened instaIla- 
. tions are concerned, the inelastic gamma rays 
should be evaluated even in cases where they do 
not constitute a large. fraction of the total free- 
field exposure. Methods . for calculating the 
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tissue dose from secondary gamma rays are pro- 
vided in the following subsection. 


5-7 
FissioniiJodUct Gamma 
Rays 


• 


Gamma rays produced by the decay of 
ISSlon products following a fission detonation 
are an important source of radiation during the 
initial radiation time regime (the lust minute 
folJowing the explosion). The intensity of fission 
product gamma rays reaching a location of inter- 
est is affected by the complex source and media 
dynamics consisting of the formation and evolu- 
tion of the luebaU, the cloud expansion and rise, 
and the decay of the fission products with time. 
TIle fission products disperse throughout the 
cloud with the passage of time and the shape of 
the cloua may vary from spherical to toroidal as 
the materials fonning the cloud rise through the 


• 


t 
here. 
The fonnation of the lueball and the 
expansion and rise of the cloud depends upon 
weapon yield, weapon design, atmospheric con- 
ditions, and other parameters. The distribution 
of fission products in the cloud as a function of 
time is not well known, and, consequently, the 
attenuation of fission-product gamma rays with- 
in the cloud can only be appmximated . 


..-..-rAtmospheric perturbation caused by 
~ge 
of the shock front also has a pro- 


•• __ ..... ~ .. !T,,~t on the transport of fission-, 
product gamma rays. The distribution of energy 
from a low altitude conventional IIssion weapon 
is such that roughly SO percent of the energy is 
released in the fonn .of blast and shock. The 
actual percentage depends on the weapon design 
and yield and on the nature of the surrounding 
environment (see Section I, Chapter 2). The per- 
centage decreases for neutron enhanced 


• 


ea ons. 
The sudden release of energy in the fonn 
o 
.ast and shock produces an immediate in- 
crease in temperatlJre and pressure thus produc- 


ing hot, compressed gases from the weapon rna· 
terial. A pressure wave is initiated in the sur- 
rounding medium (paragraphs 1-4 through 1-6, 
·1-8, and Section I, Chapter 2). The character- 
istics of a shock wave is that there is a sudden 
increase of pressure at the front with a gradual 
decrease behind it. A severe change in the den- 
sity of tile heated air behind the shock front is 
associated with the pressure change. The large 
:eduction in the air density, or optical depth, 
between the rising source and the receiver pro- 
duces an enhancement of gamma ray intensities 
from hydrodynamic effects that is known as 
"hyd.-odynamic enhancement." These effects 
may last for several minutes and may extend to 
large ~.ances from the explosion .. The intensity 
and duration of hydrodynamic effects are yield 
il 


e 
ent. 
At early times when the shock front is 
ocated between the cloud and the receiver, the 
gamma ray intensity may increase because of the 
geometric displacement of the air. After the 
blast wave has passed the receiver, the gamma 
ray intensity is enhanced as a result of the re- 
duced air density. This hydrodynamic enhance- 
ment becomes increasingly more important with 
higher weapon yields. For high yield weapons 
(in the megaton range), hydrodynamic enhance- 
ment can increase the IIssion-product gamma ray 
intensity by several orders of magnitude, with 
the result that fission product gamma rays can 
become the most important of aU initial radia- 
tion sources. 
~ 
With minimal hydrodynamic enhance- 
~ 
as in the case of very low-yield weapons, 
the intensity of fission product gamma rays 
reaching a given point may be of approximately 
the same magnitude as that resulting from the 
secondary gamma ray sources. However. the 
average energy of the fission product gamma 
rays is considerably less than that of the second- 
ary gamma rays, and the angle distribution of 
the fission product gamma rays is diffused by 
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the rise of the cloud. Each of these factors tends 
5-S. one rad is the absorption of 100 ergs per 
to reduce the penetrating power of f"JSSion prod- 
sram of materia] being irradiated. Thus, the rad 
uct gamma rays relative to secondary gamma 
is independent of the type of radiation, but the 


rays. 
material absorbing the radiation must ::.e sped- 
_ 
A reasonably accurate calculation of the 
fied. The curves provided in this subsection pro- 


transport of fission product gamma rays must 
vide a methodology for determining the dose in 
consider sucl-. time-dependent parameters as 
rads (tissue) for the various components of :be 
:!:".":! 
~:-~. 
~~~!-::-e decay. and hydrodynamic 
initial nuclear radiation. The: resp:::Jsc ofpcrxn 
enha."'Icemenl. The curves presented in the fol- 
nel. as a function of absorbed dose, is given in 
lowing subsection that show tissue dose from 
Section III of Chapter 10. 


fission product gamma rays were constructect by ....-..In view of the strong dependenc;,e of 
the use of such a model. * 
~on 
and secondary gamma ray environ- 


INITIAL RADIATION DOSE 
'ERSONNEL • 
_ 
.• 
The preceding paragraphs have described 


e complexity of the calculations of the source 


and en'ltironments produced by the initial nu- 
clear radiations. Simplified, but reasonably ac- 
curate, methods have been developed to predict 
tile dose to personnel located on or near the 
surfau of the earth. These methods are describ- 
ed in the succeeding paragraphs and figures, and 
illu.st:rotions of their use are provided in four 
problems.t 
. _ 
~ 
Various units have been used to describe 


~diation dose to personnel. One of the earli- 


f'<;t. nrilri"3l1v used to describe X-ray environ- 
ments., is the roentgen. which is defmed in temls 
of ionization produced in air. In view of the long 
history of the roentgen, various attempts have 
been mai::le to develop units that described the 
response of living creatures or physical objects in 
terms of "roentgen equivalent" units. None of 
these was completely satisfactory since they de- 
pended strongly on the type and energy of the 
radiation, and their relationship to an exposure 
r.'!'.asc:·ed in roent~ns was not always descrip- 
tive of the response of the target. Since the re- 
sponse of a target to radiation generally can be 
.... 1"'~ .. tf t,.. flu. '!""~ absorbed. the rad bas come 
into general use for the description of dose to 
any taJ'get. As previously defined in paragraph 
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ments on weapon design, no one representative 
weapon could be chosen to provide a basis for 
calculating dose to humans. The iJSSion product 
dose is relatively independent of design specifics. 
but it is strongly dependent on tota1 yield and 
the ratio of fission yield to total yield. Conse- 
quently. eight different weapons, for which case 
output data were availabJe, were selected to per- 
fonn the basic calculations from which the 
curves presented below were developed. It is be- 
lieved that these eight weapons provide a S"olffi- 
ciently wide spectrum of designs that one of the 
eight will represent a given weapon of interest in 
a reasonable manner. The eight weapons are de- 
scribed in Table 5-3. 
sa Initial Neutron Do:oc .- 


- 
Figures 5-9 through 5-11 provide all of 


~ormation necessary to calculate the con- 
tribution of neutrons to the initial nuclear radia- 
tion dose from each of the weapon types listed 


;tibe cIeftlopmezIt of this model is explaiaed ill MImpmwed 
for Pre4ic:tiD,c Nucleu Weapoll IDi1iIl Radiation EDviron· 
menls M.w DASA 2615 C_l:IibJio&nphy). 
t.ATR.. w:w:h IIiWIds for AtmOlpherie Rld.iation Tnnsport 
b"bWy. may be u.s to obtain exact IIDSWI:rS to pmbleuls iaYolY. 
iDg ndiatiou trmJspor1 ill the atmosphae without the nec:essity 
or matiD& spec:Ific trmJIpOrt c:IIIcuIadoDL A TR is doc:umentr4 ill 
DNA 280:31. "'Mo4eIs of Radiation 1i'Import ill Ajr - the A TR 
Code" (_ ballliopapby). The Code itaJ(m.y be obtliDed from 
the RadiatiOA SIUeldiq lrIformatioa Om. (RSIC). 0aJc: Ridp. 
T_. 
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Table 5-3. 
ReJllFeSI~:tjye Types of Nuclear Weapons til 


Description 


SubldlotOD Fission 
Pure Fission Implosion 


Representative Yield Range 


II 
ill 
IV 


V 


VI 
VU 
VW 


Large (physically) Boosted Fission 


Small (physicaUy) Boosted Fission 


Enhanced Neutron Weapon 
Gun-Assembly Fission Weapon 


Thermonuclear Weapon 


Thermonuclear Weapon 
• 
in Table 5-3. Problem 5-J describes the use of 
these fig-.ues to obtain the neutron dose. 
5-9 Air-Ground Secondary Gamma 


Ray Dose ... 


_ 
Figures 5-i'il;~)Ugh 5-13 provide all of 


~ormation necessary to c:a1culate the con- 


bibution of air-ground secondary gamma rays to 
the initial nuclear radiation dose from each of 
:he weapon' types listed in Table 5-3, Problem 
5-2 describes the use of these figures to obtain 
the air-ground secOndary ~aray dose. 
5-10 
Fission Product G .. "na 
Ray Dose 11 
.;;=~= igures 5-14 through 5-}7 provide all of 


: 


the infonnation necessary to calculate the con- 
tribution of fission product gamma rays to the 
initial nuclear radiation dose. Problem 5-3 de- 
scribes the procedures for obtaining the fission 
product dose from these fJgures. Note the cau- 
tion given in Problem 5-3 concerning interpola- 
tion between the hydrodynamic enhancement 
curves. 


5-11 
Total Dose. 
. 


_ 
The total initial radiation dose is simply 


the sum of the contributions of the neutrons, 
the secondary gamma rays, and the fISSion prod- 
uct gamma rays. Problem 5-4 illustrates the cal- 
culation of total initial radiatIon dose. 
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Problem 6-1. Calculation of Nau1rOn Radiation Dose 
.. 
TIie spectrum and intensity of neutron 


radiation depends strongly upon the details of 
design of a nuclear weapon; however, it is p0s- 
sible to o!>t..in neutron dose to personnel from a 


"'~:"'!! ... f ;"lte!"!st with reasonable accuracy if it 
is usimtlar" to one for which detailed calcula- 
tions have been made. Eight "representative" 
types of weapons, listed in Table 5-3, provide 
the basis for such calculations within the fonow- 
ing constraints: 
• The weapon of interest must be simDar to 
one of the representative types. 
• The range of interest must lie between 400 


and 5,000 yards. 
• The detonation takes place in the "lower 
atmosphere:' and 


• The target is located on or near the surface 


of the earth. 


_ 
Within the constraints listed above, Fig- 
ures 5-9 tluougb 5-11 provide the information 
necessary to obtain the dose to personnel io- 
cated on or near the surface of the-earth. If the 
air density is Po = 1.225 X 10-3 gm!cm'. the 
neutron dose is 


is the total neutron dose (tads (tissue», 


is the slant range (yards) 


is the value taken from Figure 5-9a 'or b 
or from Figure 5-1Oa or b for the most 
representative weapon type (yants2 rads{ 
kt). 
. 


is the weapon yield (k,t), and 


is tIlt: detonation height correction fac- 
tor trom liigure 5-11 (dimensionless). 


. 
. 
... 
". 
.. ... . 
. 


• 
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.... ~ .............. -.- .......... ""-- 
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.. 
If the air density differs from Po, Fig- 
ures 5-9 or S-10 are entered with a scaled range 
Rp which is given by 


Rp =.!!... R = pR. 


Po 


where Ii is the relative air density. V31ues of 
p/po are given in Table 5-2, and with smalJer 
altitt.Jde increments in Table 2-1, Chapter 2. If 
the values of p/po are different at the burst and 
the receiver, the average value should be used for 
p. Note that R, not R , is still used in the de- 
~atoT of the e./lon given above for DN • 
_ 
Example] 
: 


Given: A 30 kt sUrface burst of a 'Weapon 


similar to type IV in air of average relative den· 
sity p = 1.0. 


Fmd: The neutron dose delivered to a sur- 


face target] ,500 yards from the burst. 
Solution: From Figure 5-9a. FN = 8.S x 


10' yarctr rad (tissue)/kt for a type IV weapon 
at J ,500 yards. 


Answer: The neutron dose delivered to a 


surface taJget 1,500 yards from a 30 kt surface 
burst of a type IV weapon is: 


DN = (30)(8.5 x 10')(1.0) 


(I.Soo~ 


DN = 113 rads (tissue), 


_ 
£xmnple 2 _. 


Given: A SOO kt burst at "- 
"It of 1 00 
yards of a weapon similar to type .• 1 in air of 
average relative density p = 0.9. 
Find: The neutron dose delivered to a tar- 
get near the surface 2,000 yards from the burst. 


I 


o 


I 


l 


.. 
f 


-I I J 
1) 


( 


I 
• 
I 
I 


..... 
• 
< 


" .. 
. 
' 
~ 
. 


. . 
~. 
.' 
- 
Solution: The scaled range RR. = 


(0.9)(2,000) = 1,800 yards. From Figure 5-10a, 
F N = 1.6 x 106 yaros2 rads (tissue )/kt for a type 
VII weapon at 1,800 yards. From.Figure 5-11, 
B I = 2.07 for type VII at J 00 yards HOB. 
An..-wer: The neutron dose delivered to a 
target near the surface 2,000 yards from a type 
VII weapon at 100 yards BOB is: 


= (500)(1.6 x 1(6)(2.07) 
D,. 
.• 
(2,000)2 


DN = 414 rads (tissue). 


• 
Reliability. For weapons closely similar 
to one vf the eight representative types, the pre- 
dicted neutron doSt: is estimated to be correct 
within ± 25 percent. 
_ 
Related Material. See paragraphs 5-1 
through 5-3. See also Table:> 5-2 and 5-3 . 
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Problem ~2. Calculation of Secondary Gamma Ray Dose 


• 
Secondary gamma rays are those that 
result from neutron interactions, primarily with 
nitrogen in the air, as described in paragraph S~. 
Since the neutron output is strongly dependent 
upon details of weapon design, the secondary 


~mm3 Tay output also depends upon weapon 
design: however. it is possible to obtain the sec- 
ondary gamma ray dose to personnel from a 
weapon of interest if it is "similar" to one-for 
which detailed calculations have been made. 
Eight "representative" types of weapons, listed 
in" Table 5-3. provide the basis for such calcula- 
tions within the fonowing constraints: 
• The weapon of interest must be similar to 


one of the representative types, 


• The range of interest must lie between 400 


and 5,000 yards, 


• The detonation takes place in the "lower 
atmosphere," and 


• The target is 10cated on or near the surface 
of ihe earth. 


_ 
Within the constraints Iistec:! above, Fig- 


ures 5-11 through 5-13 provide the infonnation 
necessary to obtain the secondary gamma dose 
tn ~n" 
... l lo~tpd on or near the surface of 


~!::' :-:~!- !I' "!:~ ::!:r density is Po = J .225 x J 0-3 


gm/r::m3 , the secondary gamma dose is 


where 


D.". 
is the secondary gamma'ray dose (rads 
(tissue». 


R 
is the slant range (yards). 
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is the value taken from Figure 5-12a or b 
or from Figure 5-13a or b for the most 


~!"TeSentative weapon type (yardsl radsl 
kt), 


W 
is the weapon yield (kt), and 
Hl 
is the detonation height correction fac- 
tor from Figure 5-11 (dimensionless). 


- 
If the air density differs from Po' Fig- 
~12 
or 5-13 are entereci with a scaled range 
Rp. 


R 
- 
P R - 
-0 
p-_ 
-pn.. 


Po 


where p is the relative air density. Values of 
p/po are given in Table 5-2, and with smaller 
altitude increments in Table 2-1, Chapter 2. If 
the values of p/po are different at the burst and 
the receiver, the average value should be used for 
if. Note that R. not Rp. is still used in the de- 


• 


nominator o[ the ellJJlJl:n given above for Dys' 
ExtzmpleJ __ 
'Given: A 15 kt explosion at a height of 150 


yards of a weapon similar to weapon type VI. in 
air of average relative density p = 1.0. 


Find: The secpndary gamma ray dose de- 


livered to personnel on the surface) ,500 yards 
from the burst. 
Solution: From Figure 5-133.0 F."'ls = 3.7 x 
1()6 yar~ rads (tissue)/kt for a type VI weapon 
at 1,500 yards. From Figure 5-11, HI = :'::.03 fOT 
a type VI weapon burst at 150 yards. 


Answer: The secondary gamma ray dose 
delivered to a surface target 1,500 yards from a 
IS kt burst of weapon type VI at 1 SO yards 
HOB is: 


D = (15)(3.7 x I ()6 )(2.03) 
.". 
(1.500)2 


D"'fS = 50 rads (tissue) 


_ 
Example2 II 


Given: A 0.08 kt burst at a height of 20 
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-yards of a weapon similar to type J in average air 
density ofp= 0.9. 


Fmd: The secondary gamma ray dose de- 
livered to personneJ on the surface 500 yards 
from the burst. 
Solution: From Figure 5-] 2a, F.,s = ].6 x 
lOS yants2 rads/kt for a type I weapon at 500 
yards. From Figure 5-11. HI = 1.52 for a type I 
-'-:::.lpo:;} burst at 20 yards. 


Answer: The secondary gamma ray dose 
delivered to a target near the surface 500 yards 
from a 0.08 kt burst of a type I .weapon at 20 
yards HOB is 


- 
.,.' 
'_JiIIi 


D = (0.08)(1.6 x 108)0.52) 


P 
(500)2 


D.,.. = 78 rads (tissue). 


_ 
Reliability. For weapons cJoseJy similar 
to one of the eight representative types, the pre- 
dicted secondary gamma ray dose is estimated to 
be correct to within ±25 percent for sJant ranges 
up to ] ,500 yards. At longer ranges, the pre- 
dicted values might be high although a precise 
~te 
cannot be made. 
~ 
Related Material. See paragraph 5-6. See 
also Tables 5-2 and 5-3. 
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Problem 5-3. 
Calculation of Fission Product Gamma Ray Dose 


_ 
Figures 5-14 through 5-17 provide the 
infonnation neceSSaI}' to calculate the fission 
product contribution to the :'''1itial nuclear radia- 
tion dose to personnel on or near the surface of 


!~t" ~?~r Pigures 5-14a through c provide the 
nominal dose per kt fission yield as a function of 
slant range for several relative air densities. The 
gamma dose as a function of slant range depends 
-on cloud rise, which depends on weapon yield. 
The effects of cloud rise on exposure for a given 
Yield depends on the burst height, and, to a 
slight extent, on the ambient air density _ Anal- 
ysis of the interdependence of these parameters 


. -has shOVlill that reasonabJe accuracy can be re- 
tained by the use of two independent burst 
height adjustment factors, one associated with 
slant range. as shown in Figure S-lS, and the 
otr.er associated with weapon yield, as shown in 
Figure 5-16. Figures 5-17a through e show 
hydrodynamic enhancement factors as a func- 
tion of slant range for selected yields and several 
air densities. In using Figures 5-17a through e, 
no attempt should be made to perform a visual 
interpolation of the hydrodynamic enhancement 
factor between yields that are shown. Rather, a 
r--' -.- ":_w : •• j.:l.rcdynamic enhancement factor 
as a function of yield should be made at the 
slant range a. ... d relative air density of interest, 
and the hydrodynamic enhancement factor 
should be obtained from this plot for the desired 
"eJd 
• 
The tissue dose from fission product 
gamma rays is obtained as follows: 


where 


D." ... ~l-t~ fission product gamma ray dose at 


I' slant range R (rads (tissue». 


We is the fission yield (kt), 
F.,r is the value taken from Figures 5-14a 


through c (rads (tissue)/kt), 


Ha is the range" dependent burst height ad- 


justment factor from Figure 5-15 
(dimensionless), 
Hw is the yield dependent burst height ad- 


justment factor from Figure 5-16 
(dimensionless), and 
E is the hydrodynamic enhancement factor 
from Figures 5-17a through e (dunen- 
sionJess). 


_ 
Note that .fission yield is used in the 
equation given above for fISSion product gamma 
ray dose; however, total yield is used to enter 


• 
. 
5-16 and Figu&5-17a throughe. 
EX4mpJeJ _ 
Given: A SO kt pure fISSion weapon burst 


at a height of ] 00 yards in air of relative air 
density p= 0.8. 


FInd: The fISSion product gamma ray dose 
to personnel on the ground at a slant range of 
2,000 yards from the burst. 
Solution: From Figure 5-141. F-rr = 1.5 
rads (tissue)/kt for p= 0.8 at 2,000 yariis. From 
Figure 5-15, Ha = 0.94 for a height of burst of 
100 yards and a slant· range of 2,000 yards. 
From Figure 5-16, Hw = 0.71 for 50 kt total 
yield at a height of burst of 100 yards. From 
Figure 5-l7d (jj = 0.8), E = 6 for a 50 kt total 
yield at 2,000 yards. 


Answer: 


D.,r = J50)(1.5)(0.94){0.71)(6), 


D.,r = 300 rads (tissue) . 


_ 
ExDmp/e2 • 


Given: A 200 kt, 1: I fission/fusion ratio 


( 


,. 


• 


.. 
( 


I 


• 
• 
(i.e.. J 12 fission, 1/2 fusion) surface bwst in air 
of average relative density If= ].]. 
Find: The ilSSion product gamma ray dose 


delivered to a target near the ground 1,000 yards 
from the burst. 


Solution: The fission yield Wf = (l/2)(200) 
= 100 kt for a I: 1 iJSSion/fusion ratio. From 
Figure 5-]4a, F-rf = 17 rads (tissue)/kt for p= 
l.l at 1,000 yards. From Figure 5-1S. HR = 
v.;'; lor a surface burst at 1.000 yards range. 
Frum Figure 5-16, Hw = 0.63 for a surface burst 
at 200 kt total yield. From Figure 5-17a. E ::0:: 24 
fOT 200 kt total yield at ] ,000 yards (the best 
interpolation scheme for this iIgure is to make a 
plot on linear paper of E vs W at a constant R. 
and draw a smooth curve through the points). 


Answer: The ilSSion product gamma ray 
dose delivered to a target near the ground 1,000 
yards from a 200 kt (I: 1 fission/fusion) surface 
burst in air of average relative density 1.1 is: 


I 


- 
" 


D-rr = (l00)(l7){0.94)(0.63)(24) 


D-rr = 2.4 x 10' rads (tissue). 


_ 
Reliability. For submegaton yields the 
radiation dose predicted by equation 5.4 will be 
within 15 percent of the values calculated b: 
tt.e 


most sophisticated methods. The variations •• ,ay 
approach 40 percent for megaton yields a< 
ranges less than 1,000 yards; however, these art 
generally not i:lteresting combinations. The tota 
gamma ray dose predicted by the methods illu~ 
lrated in Problems 5-2 and 5-3 when added tl. 
gether generally agrees with weapons tf!st data 
within 50 percent and seldom disagrees by more 
than a factor of 2. 
_ 
Related Material. See paragraph 5-7. See 


~bleS-2. 
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Problem 64. calculation of Total Initial Radiation Dose 


_ 
The total initial radiation dose may be 
determined by calculating the neutron dose, the 
secondary gamma ray dose, and the ilSSion prod- 
uct gamma ray d~ separately. as described in 


riu::':~~iiS 5-1. S-::!, and 5-3 and summing the in- 
dividuai results. 
_EXJJmple. 


Given: A 10 Mt burst, 2:3 iJSSion/fusion 
ratio (i.e .• 2/S ilSsion, 3/S fusion), of a weapon 
.similar to type VIII at a beight of 2,000 yards in 
aU- of average relative density '{j= 0.8. 


Find: The total radiation dose delivered to 
a target near the SUIface at.a slant range of 4,000 
yards from the burst. 


Solution: F~r the neutron dose, the scaled 


range is Rp = (0.8)(4.000) = 3.200 yards. From 
Figure S-JOb. FN = 5 x lOS yardSZ rads (tis- 
sue)/kt for type VIII at 3,200 yards. From Fig- 
ure S-11.H1 = 2.16 for type VIII over 200 yards 
HOB. For the secondary gamma ray dose, the 
same scaled range and height correction factors 
az>pJy. From Figu.--e 5-J3b, F"'Is = 5 x.104 yardS' 
rads (tissue)/kt for type VIII at 3,200 yards. For 
the ilSSion product gamma ray dose, the ilSsion 
yield is "'r = (2/5)(10,000) = 4,000 kt for a 2:3 
tission/fusion ratio. From Figure 5-14b, F r = 
1.3 x 10.3 rads (tissue)/kt for p = 0.8 at 4~000 
yards. From Figure 5-15, HI. = 0.62 for a 2,000 
yard HOB and a slant range of 4,000 yards. 
From rJgUre 5-16. Hw = 0.24 for a 2.000 yard 
HOB and a total yield of 10 Mt. From Figure 
5-17d, E = 4.1 x lOS for 10.Mt total yield at 
4,000 yards. 


Answer: 


WFNHI 
DN'" R2 


D :: (J O.OOOXS x 103X2.16) 


N 
(4.000)2 


DN ::: 6.8 rads (tissue) 


D :: (10,000)(5 X lo"X2.16) 


')'S 
{4,000)2 


D-,s. '" 68 rads (tissue) 


D-,r = (4.000){1.3 x 10"3){0.62){D.24){4.1 :x. 103) 


D.,r - 3,170 rads (tissue) 


Total Dose = DN + D"'fS + D'TP 


Total Dose = 6.8 + 68 + 3,170 = 3,245 rads (tissue). 


• 
Reliability. See problems 5-1. 5-2, and 


5-3 for reliability statements for the individual 
components of the total dose. There are no cor- 
roborating data; however, it is estimated that the 
total dose prediction would fall within ±2S per- 
cent of the true value, except for megaton yield 
weapons at slant ranges less than 1,000 yards, 
where the error is likely to be ±50 percent. 
_ 
Related Material. See paragraphs 5-5 


~gh 
5-7. See also Tables 5-2 and 5-3. 
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Figure 5-98.. Neutron Dose 11$ I Function of Slant Range from a 1 kt 
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Burst. Weapon Types I 'ItIrough IV. Short Ranges. 
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FiiUre 5-128._ Secondary Gamma Ray Dose • a Function of Slant Range 
fro:n a 1 kt Surface Burst. Weapon Types I through IV. Short Ranges • 
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Figure 5-12b. III Secondary ~ 
Ray Dose 85 • Function of Slant Range 


from a 1 kt Surface Bum. Weapon Types I through IV. Long Ranges; tI 
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F:4U~ 5-131. 11 Secondary Gamma Ray Dose 8$ • Function of Slant Range 
from • 1 kt Surface Burst. Weapon Types V through VIII. Short Ranges • 


------------------------------- 
., 


C) 


J 


I 


'; 
,; 


'/" 


~ • 
i 
-J: 


... 
() 


I. 


, .' 


t 
• 


~ 
.. 
(: 


... 


..., 
.. 


~ 
..... - 
'D 
ClI ... .. • 
'U 
~ 


III 
CI:I 
0 0 


~ 
a: 
cr 
~ 
~ 
ct 
C ,.. 
IZ 
ct 
0 Z 
0 u .., 
CI:I 
0 z 
6 
a: 
c 
a: 
tii 


10· 


Ia' 


10· 


Id' 


10' 


10 


i 
ZOOO 


I 


SLANT RANGE (meters) 


4000 
4500 


3000 


SLANT RANGE (yords) 


Figure S-t3b. _ 
Secondary Gamma Ray Dose It:> a Function of Slant Range 


from • 1 let SUrface Burst, Weapon Types V through VIII, Long Ranges • 
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J:!gure 5-148. II Fission Product Gamma Ray Dose cas a Function of Slant Range 
from a 1 let {Fission Yieldl Surface Bun."t. Short Ranges • 
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Figure 5-14b. 11 Fission Product Gamma Ray Dose as II Function of Slant Range 


from a 1 Itt (Fission Yield) Surface Burst. Intermediate Ranges __ 
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Fiqure 5-14c. _ 
Fission Product Gamma Ray Dose as a Function of Slant Range 
from • 1 let CFission Yield) Surface Burst, Long Ranges • 
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Figure 5-15. 111 Range Dependent Burst Height Adjustment Factors 


for Fission, Product Gamma Rays • 
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Figure 5-16. _ 
Yield D~ 
Bum: Height Adjustment Factors 


for Fission Product Gamma Rays 11 . 
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Figure 5-17 .. 111 FISSion Product Gamma Ray Hydrodynamic Enhancement FICtDR 


&$ • Function of saant Range for Relative Alr Density of 1.1 • 
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Figure S.17b. II 
Fission Product Gamma Ray tfy'drodynamic Enhancement FIICtOrS 


IllS • FUnction of Slant Range for Relative Air Density of. 1.0 • 
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Figure 5-17c. _ 
FISSion ~ 
Gamma Ray Hydrodynamic Enhancement Factors 


• • Function of s.nt Ranges for Relltive Air Density of 0.9 • 
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F:]l:re 5-11d. ill Fission Product Gamma Ray Hydrodynamic Enhancement FlICtOrs 
• • Function of Slant Range for Relative Air Density of 0.8 • 
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Figure 6-17 ••• FISSion Product Gamma Ray Hydrodynamic Enhancement F.ctol'$ 
•• Function of Slant Range for Relative Air Density of 0.7 III 
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SECTION D 


_NEUTRON-INDUCED AcnvrrY 
IN SOILS • 


_ 
As mentioned in paragrapb 5-3, the neu- 
trons eJ:Ditted during a nuclear explosion under- 
go lbree main types of reactions when traversing 
=!!c;.: ;:;l:;.:;:k s;;attcring; inelastic scattering; 
<blJ .. .-;. .. ~;c. .. wpt'wre. There are a variety of cap- 
ture reactions, most of which result in the subse- 
quent emission of a charged particle (generally a 
proton or alpha particle) and/or a gamma ray. 
When the reaction results sole]y in the emission 
of a gamma ray. it is general1y refened to as 
radiative capture. As a ruJe, the probability for 
capture reactions is small compared to elastic 
and inelastic scattering when the neutron energy 
_. exceeds a few keY. The nuclei remaining after 
neutron capture are frequently radioactive, gen- 
erall)' emitting a beta particle, a gamma ray(s). 
or both. The extent of the hazard to personnel 
that results from radioactivity induced in the 
soil by neutrons from a nuclear explosion is 
described in this section. 


5-12 Heieht of Sum • 
:- 
• 
The residual radioactive contamination 
(fallout) that results from rlSSion products that 
are OlSUll>ured subsequent to a contact $'IJIface 
or subsurlace burst (Section In of this 'Chapter) 
is much greater than the radioactive contamina- 
tion that results from the neutron activity dis- 
cussed in this section. Thus. the ncutron-induced 
activity may be neglected for contact surface 
and su!)surface bursts.- If a weapon is burst at 
such a beight as to be in the transition zone as 
far as fallout is concerned, the neutron-induced 
activity generaDy can be neglected if the bmst 
heif,bt is in the lower tb.ree-quarters of the fall- 
out transition· zone, Le., if the bmst is below 
about 7SWO·3S feet (see Section W). If the 
height of burst is in the upper quarter of the 
transition z»ne (between about 7SWO·3S feet 


and lOOWO·3S feet), the neutron-induced activ- 
ity may not be negligible compared to fallout. 
When fallout dose rate contours determined by 
the methods described in Section In are much 
smaller than those tor a suri'ace burst, the 
neutron-induced activity should be obtained by 
the methods described below. The overall con- 
tour values may be obtained by summing the 
dose rate values for induced activity and fallout 
at a particular time; however, as will be shown in 
succeeding paragraphs of this chapter. the radio- 
activity from fallout and that from neutron- 
induced activity decay at different rates. There- 
fore. the dose rate from each source must be. 
determined separately for each time of interest, 
or the total doses over some period of time must 
be determined separate)y. and then the appropri- 
ate summing may be performed. 
_ 
For burst heights that are sufficiently 


~e 
various forms of attenuation described 
in parsgraph S-3 will result in a neutron fluence 
at the surface of the earth that is too small to 
produce significant induced activity. Since the 
neutron-induced gamma radiation depends on 
soil type as wen as weapon type and yield, a 
height of bmst above which neutron-induced 
activity will cease to be important cannot be 
derIDed. In genenl, however, this effect will 
only be important for low air bursts Gust above 
the height of burst at which fallout ceases to be 
important). 


5-13 Soil Types _ 


• 
The type. intensity. and energy distribu- 


tion 0" the induced activity produced by the 
neutrons will depend on which isotop~ are pro- 
duced and in what quantity. These factors de- 
pend on the number and energy distribution of 
the incident neutrons and the chemical composi- 


'4IIThe in4uced activity conllibatkm IDIIY. bowevu. USIIIllI': 
more impomDoe if ~ 
type lIuc:1ear dmces _1IIbpte(! 
for miIitIIIy uc.. 
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tion of the soiL Induced contamination contoUIS 
are independent of wind, except for some wind 
redistribution of the surface contaminant. The 
contours can be expected to be roughly circular_ 
• 
Examination of several thousand anal- 


yses of the chemical composition t}f soils and 
the relative probabilities of neutron capture- by 
the various elements present in the various 
- -: samples has indicated that sodium, manganese, 


amI aiuminum generally will contribute most of 
the induced radioactivity. Small changes in the 
quantities of these materials can change the 
activity significantly. Other elements can also 
influence the radioactivity. Some elements have 
a relatively high probability for capturing neu- 
trons (cross section). but the isotope that is 
fonned after the capture either is not radio- 
active, does not emit gamma rays, or has such a 
long half life that the low activity does not pro- 
duce a hazardous dose rate. The presence of 
such elements in the soil will tend to lower the 
hazard from neutron-induced activity. 
_ 
As described in paragraph 5-3, scattering 


~trons from light elements may cause the 
neutron to transmit a sigrJficant amount of its 
enexgy to the nuc1eus, and the scattered neutron 
will be less eneIgetic than the ,incident neutron. 
Since the probability of neutron capture gen- 
erally increases as the neutron energy decreases 
em particular, this is true for sodium. manga- 
nese, and aluminum). the presence of Ught ele- 
ments in the soil will tend to cause a larger num- 
ber of neutrons to be captured near the surface 
rather than at some depth (the peak intensity 
from neutron activated radionucHdes generally is 
two to three inches below the surface). Thus, it 
might be expected that the presence of Ught ele- 
ments might increase the hazard from neutron- 
induced activity by raising the primaIY gamma 
ray 50Wce to a level Dearer the surface. where 
, attenuation of the earth above the sowce would 
, -- be I~ A study of many soil samples indicates 


that the tight element that is most likely to 


cause such an effect is hydrogen that might be 
present in moisture (water) in the soil. -Thus. it 
mjgbt be expected that soil saturated with water 
might be more hazardous from neutron-induced 
activity than the same soil when dry. How..wer, 
competing effects occur because the hydrogen 
absorbs neutrons to form nonradioactive deute- 
rium. These neutrons otherwise could produce 
gamma ray emitters. Experiments have con- 
firmed that moisture content does increase the 
hazard from neutron-induced activity; however. 
this effect does not appear to beofmajor impor- 
tance in view of the uncertainties in soil com- 
position and variations in possible weapon neu- 


~utputs. 
.. 
Four soils have been chosen to illustrate 
the extent of the hazard that may be expected 
froo induced activity. These soils were selected 
to show wide variations in predicted dose rates; 
the activity from most other soils should fall 
within the range of activities presented for these 
soils. Tab!e 5-4 shows the chemical composition 
of the selected soils. The elements listed in Table 
5-4 are in the' order of probable importance so 
far as induced activity is concerned. 
• 
When applying the data presented in this 


section to soils other than the four types shown, 
the activity should be estimated by using the 
data for the type that most closely resembles the 
soil in question in chemical compositio!1. If none 
of the four types resembles the soil in question 
very closely. the foDowing points should be kept 
in mind. For times less than H + 1/2 hour, alu- 
minum is the most important contributor. Be- 
tween H + 1/2 hour and H + 5 hours, manganese 
is generally the most important element. In the 
:IS 
RydroJ=, 'beiI:II tbe 1iJfncst eJcmeDt. will baw DUal,. mOle 
JC DDit lIOlmDc for the -.me pcnz:nbp conCClltratioa by 
we.iBht. It b moo the most eO"ecm.e elemeat in rc4uc:in& the 
CIIII:Z&Y or the aea1nm. fiDce its aacicus (a proton) has CDmtially 
tbe lillie musts • lIIIlV1ZOIIl1Dd __ 
Ifer by dame: colli· 
Ikm is WIlY eff''X:ti1e • 


• 
Table 6-4. II Otemical Composition of Illustrative Soils II 


Percentage of Soil Type (by weight) 
• 
Type IV 


Type I 
Type II 
Type III 
(beach. sand, 
(Liberia, 
(Nevada 
(lava, clay. 
Pensacola, 
'Elcmenl 
Africa) 
desert) 
Hawaii) 
Florida) 


SodIum 
1.30 
0.16 
O.OCH 
Manganese 
0.008 
0.04- 
2.94 


Aluminum 
7.89 
6.90 
18.79 
0.006 


lIon 
3.7S 
2.20 
10.64 
0.005 


Silic:on 
33.10 
32.00 
10.23 
46.65 


Titanium 
0.39 
0.27 
1.26 
0.004 
.. Ca1cium 
0.08 
2.40 
0.45 


Potassium 
2.70 
0.88 


Hydrogen 
0.39 
0.70 
0.94 
0.001 


Boron 
0.001 


Nitrogen 
0.065 
0.26 
0 
Sulfur 
0.07 
0.03 
0.26 


Magnesium 
0.05 
0.60 
0.34 


Chromfum 
0.04- 


Phosphorous 
O.oos 
0.04- 
0.13 


C3Ib0n 
3.87 
9.36 


uxygen 
50.33 
50.82 
43.32 
53.332 
• 


absence of manganese, the sodium content will 
at each of several times of interest. A word of 
probably govern the activity for this period. Be- 
caution is in order, however. While the content 
tween H +S hours and H + 10 hours., sodium and 
of sodium and aluminum will generally be rela- 


manganese content are both important. Aitex· H 
lively constant over fairJy laIge areas, manganese 
+ 10 hours, sodium will generally be the only 
generally is a trace element and the content may 


large contributor. If the sodium. manganese. and 
vary by an order of magnitude over a few hun- 


aluminum contents are low, the neutron-induced 
dred yards. Between H + 1/2 hour and H + 5 


activity generally wiD be low. Soil type IV is an 
hours., the dose rate wiD vary almost directly in 
example of sucb a soil. Using these guidelines, it 
proportion to the magnitum. of the variation in 


!!l~' ~ 
;,~!Sible to obtain better data for a given 
manganese contenL In view of the uncertainty 


" 


soil by using data for a different illustrative soil 
in the soil composition at any location under 
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operational conditions, and the possibility of 
variations in composition over short distances, 
the data presented herein should only be used 
for rough estimates and should not be used as 
the basis for operational planning. 


5-14 Dose Rate and Coal 
Predictions • 


_ 
As described in paragraph 5-1, both the 


5pe-clrum and the total number of neutrons 
emitted during a nuclear explosion are sensitive 
functions of weapon design. Thus. no "repre- 
sentative" weapon was used for the prediction 
of neutron-induced activity, and, in view of the 
other uncertainties discussed above, presentation 
of prediction techniques for several weapon de- 
signs is not warranted. Figure 5-18 shows a 
broad band that indicates the variation of 
neutron-induced gamma activity as a fu.."lction of 
sIant range from the explosion. It is believed 
that the activity produced by most weapons will 


fall within the band.· Dose rates at H + ] hour 
after burst may be obtained by multiplying th"" 
dose rates from Figure 5-18 by the multiplying 
factors given in Problem 5-5. 
_ 
Figure 5-19 represents the radioactive 
decay characteristics of the four soil types 
shown in Table 5-4. The decay factors taker 
from Figure 5-19 are multiplied by the H 4- 1 
hour dose rate for a particular soil to give: ::'e 
dose rate for that soil at any other time. 
.. Figures 5-20 through 5-23 are presentee 
to facilitate the computation of total dose 
Multiplying factors may be obtained from thesl 
figures, which, when applied to. the H + 1 ho' 
dose rate for the particular soil, will give the 
d:>se accumulated ove: any of several periods of 
time for various times of enfIy into the contami- 
nated area. 
-I This hIIId. COIIIiden the Ie9ze_tative 1)'pes of nl.lciear 
weapons shown in Table 5-3 with the exception or Type V. 


II 


. 
• 


... 


• 


• 
.. 
III 


Problem 5-5. Calculation of Neutron-Induced Activity 
lit ~ Hour Aftar Explosion 


_ 
Figure 5-18 shows a range of normalized 


neutron-induced dose rates as a function of slant 


:ang~ from a I kt explosion. To estimate the H 
+ 1 hnllT iln~ T!!tp, enter the slant range axis with 
the fJallt range in yards and read the range of 
normalized dose rates. Multiply these dose rates 
by the appropriate factor for the soD type of 
interest from the following list . 


Multiplying 


Soil Type 
Factor 


I 
1.0 


n 
9.1 


ill 
109.0 


IV 
0.024 


_ 
Scaling. For yields other than 1 kt, mul- 
tiply :he dose rates obtained from Figure 5-19 
ie, weapon yieMin kt. 
E:rmnp/e 
' _ 
i.en: A 50 t explosion 'at a height of 
burst of 900 feet above soil type III. 


Fi"d~ The nmre of H + 1 hour dose rates 


::..:.: ~! 
b~ :::xpected: at gl'OWld zr:ro and at a 
ground distance of 950 yards from ground zero. 
Solution: The corresponding slant ranges 


are 300 yards to ground zero and 996 yards to a 
point at a ground distance of 950 yards from 
ground zero. From Figure 5-J 8. the nonnalized 
H + ) hour dose rate at a sl:mt range of 300 
yards from ground zero are expected to be be- 


I 


tween 0.8 rad/hI/kt and J.8 rads/br/kt. The cor- 
responding dose rates at a slant range of 996 
yards are 1.6 x 10"2 rad/hI/kt and 5 A 10-2 radJ 
hr/kt. The multiplying factor fo!" soil tYpe III is 
J09. 
Answer: The H + I hour dose rates at 
ground zero should be between 


so x 109 x 0.8 = 4,360 rads/hr. 


and 


50 x 109 x 1.'8 = 9,800 rads/br. 


The H + 1 hour dose rates at a ground distance 
ul 950 yards ftom ground zero should be 
between 


50 x 109 x 1.6 x 10"2 = 87 rads/hr, 


and 


so x 109 x 5 x )0"2 = 272 rads/hr. 
II R.?1iability. H + 1 hour dose rates are 
expected to fall within the limits of the band 
shown in Figure 5-19 for the specific soils 
shown. For other soils. even with small varia- 
tions in the content of sodium and manganese, 
the data merely will furnish an estimate of the 
m=tude of the hazard. 
_ 
Related Materio1. See paragraphs 5-1 
through 5-3, and paragraphs 5-12 through 5-14. 
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Figure 5-18. II 
Neutron-Induced Gamma Dose Rate as a Function of Slant Range 
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Problem 5-6. 
calculation of Neu1ron-lnduced Gamma 


Activity at Times 01her th.. H + 1 Hour 


• 
The dose rate at any time after burst 


may be determined by multiplying the H + 1 
hour dose rate by the decay factor appropriate 
to the Soil of interest from Figure 5-19. The 


I'j~~y f'1!TVe!' 1nI'lY also be used to determine the 
value of the dose rate at H + 1 hour from the 
dose rate at a later time. In this case, the mea- 
sured dose rate is divided by the appropriate 
decay factor. The dose rate at any other time 
then may be determined from the H + 1 hour 
'dose rate • 
... Example!.' 
---"iven: The dose rate at a given point on 
soil type I is 30 rads/hr at H + 1 hour. 


Find: The dose rate at that point at H + 
1/2 hour and at H + 10 hour. 
Solution: From Figure 5-19, the decay fac- 
tors for soil type I for 1/2 hour and 10 hours are 
3 and 0.083, respectively. 
Answer: The dose rate at 1/2 houris: 


30 x 3 = 90 radsf9r 


and the dose rate at 10 hours is 


:;.:; A. (t083 = 2.5 rads/hr. 


_ 
Examp/e2_ 
G#:Pen: The measured dose rate at a point 


'. 
~ 
~:o:. •. 
! 
- t. 
",.' 
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over type II soil is 375 rads/hr 3 hours after the 
explosion. 
Find: The dose rate at the same point SO 
hours after the explosion. 


Solution: From Figure 5-19. the decay fac- 
tors for soil type II are 0.75 and 0.06 for times 
of H .... 3 and H + 50 hours. respectively. The H .... 
I hour dose rate at the point is 


375 
0.75 = 500 rads/hr. 


Answer: The H + SO hours dose rate at the 
point is 


(500)(0.06) = 30 rads/hr. 


WI Reliability. The cur!es of Figure 5-19 
a..-e estimated to represent tlJ.e decay of the soil 
compositions shown in Table 5-4 to within ± to 
percent; however, small changes in the chemical 
composition of the soil. particularly in the con- 
tent of sodium, manganese, and aluminum. may 
change the decay characteristics drastically. 
Uncertainties associated with the prediction of 
H + J hour dose rates will affect the prediction 
of dose rates at allY other time. 


_ 
Related Material. See paragraphs 5-13 
an'?f-14. See also Problem 5-5. 
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Figul1l 5-19. 11 Decay Factors for Neutron-Induced Gamma Activity II 
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Problem 5-7. 
Calculation of Total Dose from 


Neutron-Induced Activity 


_ 
Figures 5-20 through 5-23 provide the 
means to obtain the total dose received when 
entering an area contaminated with neutron- 


~!l(hlC'~d :'':t:v'!!' ~t!d remaining for a specified 
i!l>cl-tai uf time. The various curves represent 
times tro3t an individual remains in the con- 
taminated area. To detennine the dose, obtain 
the multiplying factor from the vertica1 axis. that 
corresponds to the time of entry on the bori- 
zontal axis and the stay time from the appropri- 
~rve (or by interPolation between curves) . 
.. 
Example. 
- 


. ,_ 
Given: A dose rate of IDS rads/hr was mea- 


sured or. entering a contaminated area of soil 
type III 5 hours after an air burst nuclear 
explosion. 
Find: The total dose that would be re- 


ceived by an indi ... idual who remained in that 
area for I hour. 
Solution: From Figure 5-19, the decay iac- 


tor for soil type III at H + 5 hours !s Q..35. The 1 


. . 
' .. 
. 


hour dose rate is therefore 


105 
0.35 = 300 rads/hr: 


Figure 5-22 is the appropriate figure from which 
the dose multiplying factor should be obtained 
for soil type ilL From this figure, the intersec- 
tion of the line for a time of entry of 5 hours 
after burst with the 1 hour stay time curve gives 
a factor of 0.32. 
Answer: If the individual remains in the 


area for 1 hour, the accumulated dose will be 


(0.32)(300) = 96 rads. 


... Reliability, Figures 5-20 through 5-23 
are L"ltegrals of the curves in Figure 5--19. The 
same reliability statement given in Problem 5-6 
a.es. 
Related Material. See paragraphs 5-] 3 
and 5-14. See alsc Problems 5-5 and 5-6 . 
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Figure 5-20. _ 
Total Radiation Dose Received in an Area Contaminated by 
Neutron-Induced Gamma Activity, Soil Type I II 
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Figure 5-21. II 
Total Radiation Dose Received ir: an Area Contaminated by 


Neutron-Induced Gamma Activity. Soil Type II • 
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Figure 5-22..111 Total Radiation Dose Received in en Area Contllmil'lllted by 
Neutron-Induced Gamma Activity. Soil Type III • 
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Figure 5-23. _ 
Total Radiation Dose Receiv~ in an Area Contaminatl!d by 


Neu1r~lnduced Gamma Activity, Soil Type IV • 
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SEcnON m 


RESIDUAL RADlAnON • 


_ 
Residual radiation is that radiation that 


is emitted later than one minute after the explo- 
sion. The sources and characteristics of this radi- 
ation vary depending on the extent to which 
fISSion and fusion reactions contribute to the 
energy of the weapon. Residual radiation from a 
fISSion weapon 'arises mainly from fISSion prod- 


:;.:~.; ;;..~C. tc a lesser extent, from radioactive 
isotopes formed by neutron reactions in weapon 
materials and from uranium and/or plutonium 
that have escaped fISSion. Other sources of resid- 
. ual radiation bazarG are the activity induced by 
neut.-ons that interact with various elements 
present in the earth, sea, air, or other substances 
in the ex.plosion environment. The most impor- 
tant of these sources is the neutron-induced 
activity in soils that is discussed in Section n of 
this chapter. The radioactivity from a thermo- 
nuclear weapon will not contain the same quan- 
tity of fission products that are associated wit.lJ. a 
pure fission weapon of the same yield; however 
the la.-ge number of high energy neutrons will 
produce larger quantities of neutron-induced 
activity in weapon components and the sur- 
roundmgc;. The total radioactivity from such a 
weapon will, however. gener.illi be less than 
from a pure ilSSior. weapon of the same yield. 
~ 
FALLOUT til 


_ 
The main hazard of residual radiation 


results from the creation of fallout particles that 
incorporate the radioactive weapon residues and 
the induced activity in the soil, water. and other 
materials in the vicinity of tPe explosion that are 
sucked up from the earth's surface into the ris- 
ing fueball. The wind disperses these particles 
over large areas. Another hazard may arise from 
neutron-induced activity on tbe earth's surface 
in the immediate neighborhood of the burst 


point. Both the absolute and relative contribu- 
tions oi the fISsion product and induced radio- 
activity will depend on the total yieJd and lIS- 
sion yield of weapon, the height of burst, the 
nature of the surface at the burst point, and the 
time after the explosion. 
_ 
Two phases of fallout may be consid- 


ered: early Oocal) and delayed (worldwide). 
Early fallout reaches the ground during the lust 
24 hours following a nuclear explosion. It is tl 
early fallout from surface. subsurfaCe. or Iowa., 
bursts that produces radioactive contamination 
over large areas, with an intensity great enough 
to represent an immediate biological hazard. 
Delayed fallout, which arrives after the rust day, 
consists of very fine, invisible particles that 
settle in low concentrations over a considerable 
part of the earth's surface. Radioactive decay 
during the relatively long time the delayed fall- 
out remains suspended in the atmosphere re- 
duces the radiation intensity from the fission 
products and other substances significantly. 
Because of these characteristics. the radiations 
from the delayed fallout pose no significant 
military effect and are not considered here. 
5-15 
Early Fallout __ 
til The early fallo~m a nuclear weapon 


consists of fission products and neutron activa- 
tion products in quan~ties that are related to 
the fission and total yields of the weapon. re- 
spectively. In the case of a weapon in which 
large quantity of the energy is derived from fu- 
sion reactions, and especially for bursts high in 
the transition zone between surface (fallout pro- 
ducing) bursts and air bursts where tittle soil 
mixes with bomb debris to form fallout. the 
induced activity can be more important than 
that from fission products (see Section II). The 
relative importance of these two sources of 
ICSidual radiation depends upon the fission- 
fusion ratio, type and composition of the sur- 
face material under the detonation and the 
height of burst. 
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For detonations over land, where the 


par1Jc.es consist mainly of soil minerals, the 
fission-product vapors condense onto solid and 
diffuse into molten soil particles and other par- 
ticles that may be present. n-,.e vapors of the 
fission products also may condt:nse with vapors 
of other substances to form m.ixed solid particles 
of sm3n size. 
I!!! The fact that different materials con- 
dense at different temperatures, and at different 
times after detonation, changes the composition 
of fallout particles, giving rise to the phenome- 
non known as ''fractionation.'' The oc:cuirence 
of fractionation is shown, for example, by the 
fact that in a land surface burst the larger par- 
ticles, which fall out of the iueball early and are 
found near ground zero. have radioactive com- 
. . positicns different from the smaller particles 
that leave the cloud later and reach the ground 
some distance downwind. The phenomena that 
account for fractionation are not all completely 
understood, but models have been developed to 
explain the phenomena reasonably satisfactorily. 
An example of fractionation is the change in 
physical state of fission products, such as 
krypton and xenon, as they decay, These two 
example products are gaseous iii their normal 
state and do not combine with other elements to 
form comoounds. During their radioactive de- 
cay. uowe"er, they form rubidium and cesium, 
respectively. These decay products can condense 
onto solid particles. In early fallout, the solid 
particles will be depleted not only in krypton 
and xenon, but also in their various decay (or 
daughter) products. In delayed fallout, small 
particles that have remained in the cloud for 
some time will have rubidium and cesium, and 
their daughters, strontium and barium, con- 
densed upon them. Hence, the delayed faUout 
will be relatively richer in these elements. 


~16 Air Bursts tit 
_ 
Ttl" ru.Tface contamination effects of 


faUout from an air-burst weapon are militarily 
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I 
I 


insignificant in most cases, because the cloud 
carries most of the radioactive weapon debris to 
high altitudes. In general. by the time this ma- 
terial can fall back to earth. dilution and radio- 
active decay decreases the activity to levels that 
are no longer militarily important. An exception 
may occur in the case of a nuclear weapon cloud 
that is intercepted by a rainstorm from above. 
This special case of faDout, called "rain out" is 
discussed in a subsequent subsection. 


5-17 
Land Surface Bursts • 
_ 
The activity available from a nuclear 
explosion at a reference time of 1 hour after 
burst corresponds roughly to 450 megacuries per 
kiloton of fission yield. * 
. 


_ 
Roughly half of the available activity is 
deposited as early fallout during the iU'st 24 
hoW'S following a surface burst. 1his deposited 
radioactivity can extend several hundred miles 
from the burst point, depending on the yield 
and the prevailing winds. The winds of the upper 
atmosphere (the stratosphere) slowly deposit the 
remainder of the activity, or the delayed fallout, 
over the earth's surface. mainly in the hemi- 
sphere of detonation. The land surface burst is 
used as the standard for the developme:lt of 
deposition patterns and idealized con toW'S that 
are discussed below. Adjus:Inents to correct 
these idealized contours for bursts in the transi- 
tion zone (heights of burst between an air burst 
and a surface burst) and for underground bursts 
are described in paragrapbs 5-22 and 5-23. 


~ue 
.pproxiDlates the activity per JciIoton ill dis- 
in~';;-1lS--pcr KCOIId at one bow:. Actual values mil)' range 
from about 'flO CO about 460 mepcuriIls. depcndins on the 
fissiJI: material UId the _troD tpee:1J'IIm dla1 c:auses !be fission.. 
1be _ 
may CIlCOWItcr otlacr YlJDes in vuiotIs SOIIl'CCI, ~ 
550 
~ 
pc kiloton at 1 hour af'.er explosion. This 
latter is • fictitious, but asef'uI.. JelatiODship dial Jelates the 
fissiOIl pIOdIlct pmma IOUI1:e to lID equivalent IDODoeucrp:tic 
sou:rce witlllID eDaJY eqwIl 10 the avence photon enersY of the 
fiaion pIOdIlcts at 1 hour after the exploGon. 
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5-18 Deposition Paltams • 
_ 
In a complete c:alm, the fallout con- 
tamination would fonn a roughly circular pat- 
tern around the point of detonation. Wind leads 
to an elongated area, the exact nature of which 
depends upon the speed and direction of the 
"ind from the surface up to the altitude of the 
top of the stabilized cloud. If the direction of 
the wind does not vary excessively from the sur- 
face up to the top of the cloud, the ground fall- 


o~t contours may be characterized by a semi- 
circular pattern upwind from ground zero and 
an elliptical pattern downwind. The upwind pat- 
tern is fonned by the rapid settling of the 
heavier particulate matter in the stem and ejecta 
from the crater, whereas the downwind elliptical 
pattern is fonned by fallout of smaller and light- 
er Darticles from the cloud. 
_ 
Complicated wind patterns (wind shear) 


~l 
as variations of the wind pattern in time 
and space may cause extreme departures from a 
simple elliptical pattern. Also, the measured 
dose-rate contours have frequently been ob- 
served to occur in patterns that are best de- 
scribed as a series of islands of relatively high 
activity surrounded by areas of lower activity. 
The most common pattern of this type has been 
one in which the higher dose rate contours 
appear around two major areas and one or more 
smaller areas. One of the larger areas is in the 


;:-:-::-:::::!~te vicinity of ground zero; the other is 
m the general downwind direction from ground 
zero. The ioeations of the smaller areas of high 
activity have not demonstrated patterns that can 
be described simply in terms of the wind struc- 
ture. The dose rates observed within these high 
activity areas have been of comparable magni- 
tude when extrapolated back to some early time 
after detonation, such as H + J hour. Because of 
the earlier arrival of the contanl.inant, however, 
the activities actually observed near ground zero 
have been higher than in the areas away from 
ground zero. A quantitatiVe treatment of such 


complicated deposition patterns is possible only 
through use of a complex computational model. 
The simplified method for obtaining deposition 
patterns presented below will not predict these 
islands of relatively high activity. 
_ 
The area covered and the degree of local- 
ization of the contamination also depend to 
some extent on the character of the soil at the 
burst point. For example, a surface detonation 
over dry soil with 5I11alJ particle sizes probably 
would result in a larger ~ 
enclosed by low 
dose rate contours and a 5I11aller area enclosed 
by high dose rate contours than for the average 
case. A similar detonation over water covered. 
finely divided soil such as clay probably would 
result in relatively high dose rate contours over 
larger areas close to the detonation, with a corre- 
sponding reduction in the areas of the lower 
dose rate contours farther out. 


5-19 
Idealized Contours • 
_ 
In any simplified discussion of the areas 
affected by residual contamination from faJJout, 
it is convenient to set up a system of contamina- 
tion dose rate contours which, although simpli- 
fied and idealized, fit actual contours measured 
in the field as closely as possible. Figure 5-24 
illustrates such a contour system. The idealized 
contour shown consists of a nearly semicircular 
upwind portion and- a roughly elliptical continu- 
ation of the contour in the downwind direction. 
The radioactivity in the vicinity of ground zero 
is deposited soon after the detonation, lalgeJy 
from heavy particulate matter, ejecta from the 
crater, and soil made radioactive by neutron- 
capture reactions. The parameters that derme 
the contour extent in this region are the upwind 
distance and ground zero width. The parameters 
that determine the shape of the downwind con- 
tours are the downwind distance, maximum 
width. and distance to the maximum width. To 
derme the downward axis, it is assumed that the 
downwind direction and extent are determined 
by a single wind of constant velocity, the so- 
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Figure 5-24. 
(U) 
Idealized Early Fallout Dose Rate Contour 
(U) 
.- 
called effective wind. as described in paragraph 
5-20. Usually wide discrepancy from the ideal- 
ized pattern will resu1t if there are large direc- 
tional shears in the wi.nds from the surface up to 
the altitudes of the stabilized cloud. Such shears 
can distort the idealized pattern seriously. so 
that. in practice. radical departures from the 
idealized patterns can be expected. Figure 5-2S 
compares the idealized dose rate contour pattern 
to the obsrrved pattern normalized .to 1 hour 
after shot SMALL BOY. a low yield shot in 
Nevada during which the wind shear was not 
•.• ____ :... ::__ __~_~: 
.. .:.nds had an effective 
velocity of about 8 knots and an effective shear 
of aboat 30 degrees (effective velocity and effec- 
tive shear are defmed in paragraph 5-20). The 
idealized pattern is shown for an effective veloc- 
ity of 10 knots and an effective shear of J 5 
degrees, for the reasons explained in paragraph 
5-20. The downwind cfistance is' expected to 
iDcrease and the crosswind distance to decrease 
both with an increase in velocity and with a 
decrease in shear. These tendencies are notice- 
ablt. in Figure 5-2S; however. for this case of low 
yield and minimal shear. the idealized contours 


d.pr:;.....,;Ui. .... h;'A.Wi, .. ~l.; approximation of the ob- 
.. 
served con.tours. 


• 
Figure 5-26 shows a hodograph of a 


typical summer wind stnlcture over Fort Worth, 
Texas. This is an example of a severely sheared 
wind structure. The average wind speed to alti- 
tudes of the stabilized cloud from a 2 Mt burst is 
about 10 knots, but, as a result of directiona1 
changes. the effective velccity is only 2.5 knots. 
The direction of this effective wind is 43.5 
d=s east of north. 


_ 
Figure 5·27 shows a comparison of the 


idealized dose rate contours for a 2 Mt explosion 
on the surface and the contours computed by 
the "Defense land Fallout L'lterpretive Code 
(DELFIC)" (see bibliography) for the wind 
hodograph shown in Figure 5-26 assuming that 
the winds stayed constlnt in time and distance. 
While this comparison is not a comparison with 
actual data. it is a comparison with t.'te results of 
a complex computer code tha,' was developed 
independent of empirical data and which has 
demonstrated a very good agreement with avail- 
able data. The general direction as well as the 
areas of the two patterns are quite divergent. 
This comparison is intended to illustrate the lack 
of confidence that can be placed in the idealized 
contours for prediction of a fallout pattern for a 
particular explosion. even if meteorolOgical data 
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Figure fi...26. 11 Comparison of Idealized Dose Aate Contours with Observed 


Contours from a Low Vleld Explosion • 
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Figure 5-26. 1111 Hodograph of a Typical Summer Wind Structure 
Over Fort Worth, Texas • 
- 
at the burst point are known. 1b; contours for 
the idealized curves were extrapolated to a speed 
nf ? A; lrnots ("Yen though extrapolation below 
IV .I01ots IS not recommended. On the other 
band, for small yields. or for the case of many 
weapons, the total dose predicted by the ideal- 
ized contot;IS over large areas probably would 
provide a reasonable basis upon which to b"-Se 
casualty predictions. 


5-20 Dose Rate Contour 
Dimensions • 


• 
f;igures 5-28 through 5-37 may be used 
to draw idealized dosa rate contours for land 
swface explosions with yields between 0.01 kt 


lI ... " 
~(\ ""t ~::!.."2te sets of curves are proVIded 


tOi' downwind distance, maximum width, and 
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• 


downwind distance to maximum width for ef- 
fective wind speeds of 10. 20. and 40 knots. 
S!nce actual winds are c;elri('lm t'ni(iirect1n n::l) 
and since the radi..<fctive panicles that cover the 
area around ~ 
mclude many that were not 


carried to high altitudes, the ground zero width 
is presented independent of wind velocity in Fig- 
ure 5-37. The upwind distance is estimated to be 
one-half the ground zero contour widths, i.e., 
they may be represented by a semi-circle, 
centered at ground zero, with a radius equal to 
one-half the ground zero width. The dose rate 
values obtained from the curves correspond to 
the values existing at a reference time of 1 hour 
after burst, 3 feet above a hypothetical smooth, 
infinite plane; therefore, they must be reduced 
to occount" for ground TOUghness. A reduction 
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Figure 5-27.111 Comparison of Idealized Dose Rate Contours with Those Calculated 
by a Complex Computer Code for a 2 Mt Explosion and the Winds of Figure 5-25 • 
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factor of 0.7 is appropriate for reasonably level 
terrain. A factor of 0.5 to 0.6 would be more 
appropriate for rough and hilly teITain. If addi- 
tional shielding exists (e.g., foxholes. buildings, 
tanks). additional shielding factors should be ob- 
tained from Section VI. Chapter 9. 
'IIa To obtain the effective wind for use 
~jgures 5-28 through 5-36. a wind hodo- 
!!T!:'Ph similar to that shown in Figure 5-26 
should be prepared. The vector averages of the 
\\oinds from ground zero to the base of the stabil- 
ized cloud and to the top of the stabilized cloud 
should then be obtained. The average of-these 
two average vectors is the effec'".ive wind for use 
with Figures 5-28 through 5-36. The heights of 
the bottom and top of the stabilized cloud are 
shown as a function of yield in Figures 5-38 and 
5·39, respectively. For wind speeds between the 
values of 10, 20, and 40 knots that are shown in 
Figures 5-28 through 5-36. contour values may 
be obtained by linear interpolation. E:=trapola- 
tion to values below 10 knots or above 40 knots 
is not recommended. 
_ 
As used herein the term "effective 
~ 
refers to the angle between the average 


vectors to the bottom and top of the stabilized 
cloud. In the absence of a sufficient quantity of 
test data with which empirical curves for deter- 
mining the idealized contours could be con- 
..... " ... ~.. """" wo;:re generated by use of the 
Defense Land Fallout Interpretive Code 
(DELFIC) (see bibliography). An effective shear 
of 15 degrees was used in the computer calcula- 
tions from which the curves of Figures 5-28 
through 5-36 were derived. In general. increased 
wind velocity tends to lengthen and nanow the 
pattern. while increased directional shear tends 
to shorten and widen the pattern. An effective 
velocity and an effective directional shear do not 
defme a unique" wind structure, i.e., different 
wind structures could have the same effective 
velocity and directional shear. It is not recom- 


!"""~1!'J1'"'; 't!1?t any attempt be made to change the 
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contour values for effective directional shears 
different from 15 degrees; however, the user 
should be aware that differences from this value 
are more likely to result in idealized contours 
that are farther from reality than if the shear is 
nearly equal to 1 S degrees. 


5-21 
Decay of Early Fallout III 
• 
Fission products are composed of a C0111- 


plex mixture of over 200 different forms (iso- 
topes) of 36 elements. Most of these isotopes are 
radioactive. decaying by the emission of beta 
particles, frequently accompanied by gamma 
radiation. About 2 ounces of fission products 
are formed for each kiloton (or 125 Ib/Mt) of 
fission energy yield. The total radioactivity of 
the fission products initially is extremely large 
but it falls off rapidly as the result of radioact:ye 
W, 


At I minute after a nuclear explosion, 
w en the residual nuclear radiation is postuiated 
to begin, the gamma ray activity of t.'le 2 ounces 
of ilSSion products from a 1 Itt fission yie!d ex- 
plosion is comparable with that of aboLlt 30.000 
tons of radium. For explosions in the megaton- 
energy range the amount of radioactivity pro- 
duced is enormous. Although there is a decrease 
from the I minute value by a factor of over 
6,000 by the end of a day. the radiation intens- 
iliiU will be large . 
Early fallout consists mainly, but not 
entire y. of ilSSion products. The fonowing rule 
indicates how the dose rate of the actual mix- 
ture decreases with time: for every seven-fold 
increase in time after the explosion, the dose 
rate decreases by a factor of J O. For example. if 
the radiation dose rate at ] h:· ": after the explo- 
sion is taken as a reference pojnt, then at 7 
hours after ilie explosion the dose rate will have 
decreased to 1/10; at 7 x 7 "'" 49 hours (or 
roughly 2 days) it will be 1/100; and at 7 x 49 = 
343 hr (or roughly 2 weeks) the dose rate will be 
1/1.000 of that at I hour after the burst. 
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• 
Another aspect of the rule is that at the end of I 
week (7 days). the radiation dose rate will be 
1/10 of the value after 1 day. This rule is accu- 
!3te to within about 25 percent up to 2 weeks or 
so, and is applicable to within a factor of 2 up to 
roughly 6 months after the nuclear detonation. 
After 6 months. the dose rate decreases at a 
much more rapid rate than predicted by this 
rule. 
. 


_ 
Informati~n concerning the decrease of 


~te in the early fallout can be obtained 
from the continuous curve in Figure 5-40. in 
which the ratio of the approximate exposure 
dose rate at any time after the· explosion to a 
convenient reference value, called the 1 hour 
reference dose rate. is plotted as a function of 
time in hours.. 
_ 
Table 5-S gives the results of Figure 5-40 


in more convenient, although somewhat less 
complete, form. The dose rate, in any suitable 
units, is taken as I ,000 at 1 hour after a nuclear 
explosion; the expected dose rate in the same 
units at a number of subsequent times, for the 
same quantity of early fallout, is then as shown 
in the table. If the actual dose rate at I hour (or 
any other time) after the explosion is known, 
the value at any specified time, up to 1,000 
hours. can be obtained by sgnpJe proportion. 
II 


It should be noted that Figure S-40 and 
Ta e 5-5 are used fo:r calculations of dose Tates. 
Tn t'I ............. 'n'" the total radiation dose received it 
i:> .uecessary to multiply the average dose rate by 
the exposure time. Since the dose rate is decreas- 
ing steadily during the exposure, however, 
appropriate allowance for this must be made. 
The results of the calculations based on Figure 
5-40 are expressed by the curve in Figure 5-41, 
which gives the total dose received from early 
fallout, between 1 hour and any other specified 
time after the explosion, in terms of the 1 hOJJI" 
reference dose rate. 
... 
The continuous C"lll"Ve in Figure 5-40, 
~ 
represents the decrease in dose rate due to 
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Table 5-5. • 
Relative Theoretical Do--..e Rates 
from !:fv Fallout It Various Times 


Tmae 
(hr) 


I 
1-l/2 


2 
3 
5 


6 
10 


IS 
24 


AftM • Nuclear Explosion II 


Relative 
Dose Rate 


1.CXXJ 
615 


435 
268 


145 


116 


63 
40 
22 


TiIc: 
(hr) 


36 
48 
72 


100 


200 
400 


600 
800 


1.000 


14.0 
9.6 
53 
4.0 
1.7 
0.7S 


0.46 
,033 


0.25 


gamma radiation from radioactive fallout. sums 
up the contributions of the more than 200 is0- 
topes in the fission products and in the activity 
induced by neutrons in the weapons materials 
for various times after fission. The effects of 
fractionation, resulting from the partial loss of 
gaseous krypton and xenon (and their daughter 
elements), and from .other circumstances, have 
also been taken into account (see paragraph 
5-15). The dose rates calculated in this manner 
vary with the nature of the weapon, but the 
values plotted in Figure S-4O are reasonable aver- 
ages when the fallout activity arises mainly from 
fission products. The decrease in the dose rate 
with time cannot be represented by a simple 
equation that is valid at all times, but it can be 
approximated to within 25 percent by the 
straight dashed tines labeled t-I •2 for times be- 
"tween 30 minutes to about Sooo hours (about 
200 days) after the explosion. After 200 days, 
the fallout decays more rapidly than indicated 
by the ,.1.2 (broken) line, so the contL'luous 
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• 
C1l.l¥e should be used to estimate dose rates from 
faJJout at these times. 
(U) While the approximation is applicable. 
the decay of fallout activity at a given location 
may be represented by the simple expression 


• 
• 
D = D 
,-1.2 


t 
1 
• 


wtzre 1Jt is the gamma radiati~n dose rate at 
time I after the explosion, and Dl is the I hour 
dose rate, which is also the reference dose rate 
that !s used in Figures 5-28 through 5-37. The 
actual value of D 
1 will depend on the time units, 
that is, minutes, hours, days, and so on. In this 
chapter, time is generally expressed in hours, so 
that the unit time for the reference dose rate DI 
ii-UWur• 
. 


_ 
The curves in Figure 5-40 and the equa- 


tion given above apply so long as there is no 
change in the quantity of fallout during the time 
interval under consideration. Therefore. it can- 
not be used whne the fallout is still descending, 
but only after it is essentially complete, at the 
particular location. If during the time t. any fall- 
out material is removed, for example, by weath- 
ering or bY washing away, or i(any additional 
material is brought to the given point by wind or 
by another nuclear explosion, neither the curves 
nn .. 1'11.. "',!l1!11tion will predict the decay of the 
lauoul activity correctly. 


_ 
Measurements made on actual fallout 
from weapons tests indicate that, although the 
,-1.2 decay represents a reasonable average, ex- 
ponents in the range of -0.2 to -2, rather than 
-1.2. are sometimes needed to represent the rate 
of decay. In fact, different exponents are some-- 
times needed for different times after the explo- 
sion. These anomalies. which apparently arise 
from the particular circumstances of the explo- 
sion. are very difficult to predict, except in cases 
where a large quantity of neutron-induced 


~T"~' 's hewn to have been produced, either 
in the ground or in weapon components or both. 
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Furthermore, fallout from two or more explo- 
sions occurring at different times will change the 
observed decay rate completely. For measure- 
ments made over a long period of time after the 
burst, weathering will tend to alter the dose 
rates unpredictably. In an actual situation fol- 
lowing a nuclear detonation, estimates based on 
either the t·1.2 decay rule or even on the con- 
tinuous curves in Figures 540 and 5-41 must be 
used with caution and should be verified by 
a_I measurements as frequently as possible. 
In principal, either Figures 5-40 and 
5 
• or the r 1 •2 decay equation could be used 
to estimate the total dose received from fallout 
in a contaminated area, provided that all of the 
fallout anives in a short time. Actually, the COD- 
taminated particles may descend for several 
hours, and without knowing the rate at which 
the fission products reach the ground, useful cal- 
culations cannot be made. However, after the 
fallout has ceased to anive, either the figures or 
the equation will provide rough estimates of 
radiation doses up to about 200 days after the 
explosion. provided one measurement of the 
dose rate is available. After 200 days, the solid 
curve of Figure 5-40 together with Figure 5-41 
should be used. However, at such long times 
after the explosion, it is not likely that the 
standard decay pattern wiD persist. It is advis- 
able to make frequent measu.--ements and to 
:filan appropriate decay schem •. 


Table 5-6 shows the percentage of the 


• 
lDl 
(residual radiation) d~ that would be 


received from a give., quantity of early·fallout, 
computed from 1 hour to various times after a 
nuclear explosion. The infinity Gi:lse is that 
whi¢h would be received as a result of continued 
exposure to a certain quantity of early fallout 
for many yeatS. These data can be used to deter- 
mine the proportion of the infmity dose re- 
ceived during any specified period following the 
complete deposition of tll.e early faJ10ut from a 
nuclear explosion. If the decay followed the 
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~.~ .,; :reble 5-6. __ Percentage of the Infinite 


~ . 
Residence Dose Received from 1 Hour to Various 
" 
';r'~ 
Times After Explosion • 
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'.':; Tune 
Percent of 
Tune 
Percent of 
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(hr) 
Infinite Dose 
(hI) 
Immite Dose 
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... 
2 
IS 
72 
68 
. . 4 
28 
200 
78 


0 
33 
500 
8S 


12 
44 
l,tKMl 
89 


24 
S3 
2,000 
93 


48 
63 
5,000 
98 
- 
:-1 2 decay Jaw given above beyond 200 days, 
the infinite residence dose, starting at 1 hour, 
would be equal to 5 times the H + 1 hour dose 
rate, and this convenient rule of thumb bas been 
used frequently. However, in view of the more 
rapid decay of the actual fission product mix 
after about 5,000 hours (see Figure 540), a 
better rule of thumb is that the infmite resi- 
dence dose is equal to 4 times the H + 1 hour 
dose rate. 
_ 
Figure 5-42 provicfes a convenient means 


~eterminjng the total dose received during 
various times of occupancy of a contaminated 
..rea as a function of time of entry. For purposes 
of prediction, the time of entry may be taken to 
.. be the time of arrival of the falleut. Within the 


.accuracy of Figures 5-28 through-5-37, this time 
may be taken to be equa1 to the dista.!1ce from 
ground zero divided by the effective wind speed, 
i.e., the buildup of activity during the finite ar- 


f 
rival time is neglected. 


5-22 Bursts in ih9 Transition 


. '; . ,"::,' . 
'. 
Zone II 


_ 
The deposition patterns and decay rate 
of the contamination from weapons that are 


I 
I 


burst very close to the surface will be similar to 
those for a weapon of tI1e same yield burst on 
'the surface. However, as the height of burst in- 
creases, the activity deposited locally as fallout 
decreases, and the residual contamination result- 
ing from the neutron-induced activity becomes 
more important. The exact scaling of the fallout 
dose rate contour values with height of burst is 
uncertain. Residual contamination from tests at 
heights of burst immediately above or below 
100WO·35 feet bas been small enough to pennit 
approach to ground zero within the rust 24 to 
48 hours afte: detonation without exceeding 
reasonable peacetime dosages. In these tests the 
mass oi the tower, special shielding, and other 
test equipment contributed to conside!3ble part 
of the fallout actualJy experienced, and neutron- 
induced activity in the soil added further to the 
total contamination. Thus, for heights of burst 
of 100WO·3S feet or greater, contamination 
from fallout will probably not be sufficiently 
extensive to affect military operations ma- 
terially_ Figure 5-43 shows this relation plotted 
as minimum height of burst versus weapon yield. 
It must not be assumed that even low to inter- 
mediate yields will never present a residual 
radiation problem when burst above 1 ooWO·3 S 
feet. The neutron-induced gamma activity can 
be intense in a relatively small area around 
ground zero. A better idea of the contamination 
pattern, dose ra.t:: ccr,tour "xue:;, ::::c! ~f':::j' ;::~C' 
of the residual radiation from the above types of 
explosions generally will be obtained by basil'g 
the predictions on the induced activity as d.e 
scribed in Section II of this chapter. In view of 
the uncertainty involved and the lack of experi- 
mental data for high yields burst over land ~t 
heights of burst near lOOWO·3S feet, a more 
conservative estimate of 180WO·4 feet may t~ 
desirable for use under some circumstances as 
the height at which fallout becomes negligible. 
_ 
A rough estimate of the dose rate con- 
tour values for bmsts in the transition zone may 
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- 
be obtained by applying an adjustment factor 
from Figure 544 to the dose rat~ contour values 
obtained from Figures 5-28 through 5-37. For 
bUJsts in the upper quarter of the fallout transi- 
tion zone, neutron-induced activity must also be 
considered. For bursts in the lower three- 
quarterS of the transition zone the neutron- 
induced gamma activity generally can be neglect- 
et'l ("n"l!,~~d to the fallout activity. 


5-23 
Underground Bursts. 


_ 
A large amount of residual contaInina- 


tien is deposited in the immediate vicinity of the 
burst point after an underground detonation, 
Oecau.;e most of the radioactive material falls 
from the column and cloud to the surface rapid- 
Iy. A very shallow underground burst conforms 
.. closely to the contamination mechanisms and 
patterns described in paragraphs 5-19 and 5-20 
fer I;md surface bursts. As depth of burst in- 
creases, a greater percentage of the total avail- 
able contaminant is deposited as local fallout, 
until for the case of no surface venting, all of the 
contamination is contained in dIe volume of 
ruptured earth surrounding the point of detona- 
tion. 
; 
- 


_ 
Figure 545 shows a depth multiplica- 
tion factor as a function of scaled depth of burst 


~,... ... : ... ,,1.-1 .. h"hl'''~'' I kt and 1 Mt. These factors 


6-76 


are applied to the linear dimensions of the dose 
rate contours for a ~and surface burst of the 
same yield, which must be obtained from Fig- 
ures 5-28. through 5-37. This treatment yields 
dose rate contours for underground bursts that 
have shapes similar to the comparable surface 
burst dose rate contours. Although there is some 
reason to believe that this is not a valid represen- 
tation, this treatment does yield a fair represen- 
tation of the total activity deposited in early 
fallout patterns. Variations in soil type and 
other factors introduce additional uncertainties, 
which are reflected by the broad band in Figure 
545. 
. 


5-24 
Beta Radiation _ 


_ 
The hazard fTom the gamma rays of-the 
residual radiation generally will exceed that 
from beta particles, except in those cases where 
intimate contact with beta emitting particles 
occurs. Such contact may result when an indi- 
vidual lies prone in a contaminated area, or 
when particles fall directly on the scalp. Bums 
that range from being superficial to severe may 
:esuit from such exposures (see paragraph] 0-27, 
Chapter 10). The severity of the burn will de- 
pend both on the intensity of the radiation 
source in contact with the body and on the 
promptness with which the particles are washed 
from the skin, i.e., the length of exposure. 
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Problem 6-8. Calculation of Fallout Gamma Radiation 


Dose RB18 Contours for Surface Bursts 


.. ' ~~: 
_ 
Figures 5-28 tbrough 5-37 show ideal- 
ized dose rate contour parameters for residual 
fallout radiation from surface bursts of weapons 
with yields between 0.01 kt and 30 Mt. The 
dose rates are given in tenns of exposure rate in 
!'oentgens per hour as calculated by the DELFIC 
computer code for a receiver 3 feet ~bove an 
inrInite plane surface. Within the accuracy of the 
data, I roentgen may be taken to be equal to 1 
rod. The actual exposure will be about 0.7 times 
that shown for the plane surface if the terrain is 
smooth, and 0.5 to 0.6 times the values for the 
plane surface if the terrain is rough or hilly. The 
basic data are presented for weapons from which 
all the yield results from f"lSSion; but, as de- 
scribed below, the data can also be used to 
obtain fallout contours for weapons for which 
the fission yield is only a fraction of the total 
yield, and for which essentially all of the con- 
tamination produced (90 percent or more) re- 
sults from fission products. The dose rate values 
are given for a reference time of H + 1 hour. The 
more distant parts of the laJ:ger contours do not 
exist at H + 1 hour, ))e(;ause the fallout that 
eventually reaches some of these-- more distant 
areas is still airborne at that time. The dose rate 


,·~",'n""" -,,., e~ist at later times when fallout is 
compJete. but with dose rate contour values 
reduced according to the appropriate decay fac- 
tor from Figure 540. Visual interpolation may 
be used for dose rate contour values between 
those for which curves are given. Extrapolation 
to dose rate contour values higher or lower than 
those shown in the families of curves cannot be 
done accurately and should not be attempted. 
_ 
An approximate estimate of the area 
~ 
particular dose rate contour may be cal- 


culated by assuming that the roughly elliptical 
contour obtained by plotting the parameters 


given in Figures 5-28 through 5-37 is an ellipse. 
The fonnula fOT this area is: Area = 1fab/4 where 
a is downwind distance plus upwind distance, 
and b is maximum crosswind distance. It mus 
be realized that the dose rate contours ar -: .,t 
true ellipses, and that this formula is onJ. an 


~ximation. 
_ 
The decay factors from Figure S-4 
should be used to obtain dose rate values fc 
times other than H + 1 hour. To obtain contol 
values for effecti,'e winds other than those gi\. • 
i., the curIes, that is, 10, 20. and 40 knots, 
linear inteIP0lation may be used. Thus, the 
downward distance for a 30 knot effective wind 
speed would be midway between the 20 knot 
and 40 knot downwind distances. 
_ 
Contour shapes and sizes are a function 
~ 
total yield of the weapon. whereas the 
dose rate contour values are detennined by the 
fission yield. Thus. if only a fraction of the total 
yield of the weapon results from f"lSSion, and this 
fraction is known, Figures 5-28 through 5-37 
may be used to estimate fallout contours result- 
ing from the detonation of such a weapon. The 
dose rate for the dUnension of interest as read 
from the f"IgUreS opposite the total yield must be 
multiplied by the ratio of f"LSSion yield to total 
yield to obtain the true dose l .. te value for that 
dimension. Similarly» to obtain contour dimen- 
sions for a particular dose rate, the value of the 
desired dose rate must be divided by the ratio of 
f"lSSion to total yield, and the dimension of the 
resultant dose rate read from the figure opposite 
: tliiital yield. 
• 
EJCQJ'Tlple 
iven: A hypothetical weapon with a total 
yield of 600 kt, of which 200 kt results from 
fission. is detonated on a land surface with 10 
leno: effective wind conditions. 
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• 
Fmd: The contour parameters for a dose 


rate of SO rads/hr at H + 1 hour reference time 
over rough, bJ.l1y terrain. 
. 


Solurton: The SO rads/hr contour for a fis.- 


sion yield to total yield ratio of 200/600 = 1/3 
corresponds to the contour of SO + 1/3 = 1 SO 
rads/hr for a weapon far 600 kt f"lSSion yield. 
The dose rate above contaminated rough and 
hilly terrain is about one-half that above an ideal 
smooth plane. Thus the desired contour param- 
eters can be obtained by entering Figures S·28, 
5-31, 5-34, and 5-37 with a yield of 600 kt and 
. reading the parameter values corresponding to 
an H + I hour dose rate of 2 x 1 SO = 300 rads/hr 
(the factor 2 corrects for the rough, billy 


Parameter 


Downwind Distance 


Maximum Width 


Distance to 
Maximum Width 


Ground Zero Width 


Upwind Distance 


&-78 


~: 


terrain). 
Answer: The H + 1 hour dose rate param- 
eter values are shown below. 
_ReliabUity. The degree to which wind 
a.nd other meteorological conditions affect these 
contour parameters cannot be overemphasized. 
The contours presented in these curves have 
been idealized in order to make it possible to 
present average, representative values for plan- 
ning purposes. Due to these llinitations, a mean- 
i'lgfui percentage reliability r:gure cannot be 
assigned to the idealized fallout pattern . 


_ 
Related MateriIiL See paragraphs 5-17 


through 5-20. 
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Downwind Distance as a Function of Yield. 
40 Knot Effective Wind. 


I 


10- 


5-81 


• 


i I 
I 
J 


, . 
... . ..... 


-; 
- 
~- - 


", 


-- 
..:rc. - 
Q 
...J 
L&.I 
): 


,. 


" .:: .;;# 
~~:~ 
'6-82 


.... 


I 


l~~------+-------+-------+-~~~~~~~~ 


10- 


10· 


10 


~ 
\.::) 


la'~--~~--~--r-~~~--------r---------r-------~ 


laZL-~~u.~~~ww~~~~~~~.~~~~--~~~ 


10-1 
la' 
10 
let 
10' 


MAXIMUM WIDTH (statute miles) 
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Figure ~36. til Distance to Maximum Width as a Function of Yield, 
40 Kn~ Effective Wind _ 
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Problem 5-9. 
Calculation of Fission Product Decay 


_ 
Figure 5-40 provides fission product 
decay factors as a function of time after burst. 
The dose rate at any time can be obtained by 
multiplying the H + 1 hour dose rate by the 
appropriate decay factor from Figure 5-40. The 
decay curve also may be used to determine the 
value of the H + 1 hour dose rate from the dose 
rate measured at a later time. In this case the 
measured dose rate is divided by the appropriate 


Example J 
. 
a 


eca factor. 
II 


Given: The dose rate at a given point at I 
hour after 2 nuclear explosion is SOO rads/hr. 


Find: The dose rate at that point 12 hours 
after'the explosion. 


Solution: From Figure 5-40, the decay fac- 


tor at 12 hours is 0.05. 


, - 
.,. 


. 
. 


Answer: The dose rate at 12 hours is 


SOO x O.OS = 25 rads/hr. 


• 
Example 2 II 
Given: The dose rate at a given point ~ 0 
hours after detonation is 72 rads/hr. 


Find: The dose rate at the same point 1 
hour after the detonation. 


Solution: From Figure 5-40, the decay fac- 


tor at 10 hours is 0.06. 
Answer: The dose rate at 1 hour is 


72 
-- = 1,200 rads/hr. 
0.06 


- 
Relllted Material. See paragraph 5-21. 


're::iso Figure S-42. 
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Figure 6-40. II Fission Product Decav Factors Normalized 


to Unltv at 1 Hour After Detonlltlon II 
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Problem 5-10. 
Calculation of Gamma Radiation 


Dose • 
8 Function of Time 


• 
Figure 5-41 shows the integrated gamma 
dO!ie received in a ranout-contaminated area as a 
function of time after H + 1 hour (-0.042 day). 
This curve was generated by integrating the solid 
cwve of FJ.gUre 3-40. If the true dose rate at 
some time between H + ] bour and H + 1,000 
days is kr.!)wn, Figure 5-4] can be used to esti- 
m .. te the dose accumulated during any time 
interva1 in this time range, provided the fallout 


• 


eca s as shown in~ 
5-40. 
- 


Example •. 
tilen: A dose rate of 20 rads/br is measur- 


ed in a fallout c:ontam:nated area 4 hours after 
the explosion (fallout had ceased to arrive at this 
time). 


Fmd: The dose received by personnel who 
enter the area at H + 4.8 hours and remain for 
2.5 hours before leaving the area. 
Solution: 


H + 4.S hr = H + 0.2 day 


(JI + 4.S + 2.S) hr = H + 7.3 hr 
= iI .... 0.304 day 


From Fi~re 5-41, the normalized dose that 
would be received between H + 1 hour and H + 
0.304 day is 1.55. Similarly. the normalized 
dose received between H + I hour and H + 0.2 


day is J .3. Therefo:-e, the normalized dose re- 
ceived by these personnel between H + 0.2 and 
H + 0.304 day would be: 


1.55 - 1.3 = 0.25 


To convert this to aetua1 DOse received, use is 
made of the H + 4 hour dose rate (20 rads/br). 
From Figure 5-40, the normalized dose rate at H 
+ 4 hour is found to be O.lS. The H + 1 hour 
dose rate is 


20 
ITs = 111 rads/br. 


Answer: The dose that the personnel can 


expect to receive is found by multiplying the H 
+ 1 hour dose rate by the normalized dose ob- 
tained from F:g..ue 5-41: 


111 x 0.25 R:< 28 rads. 


NOr.::; The dose calculated above is on!y the 
dose received during the stay at the particular 
spot in question. Additiona1 dose would be 
accumulated during entry and exit. The amount 
of the additiona1 dose would depend on the 
means of transportation and the size of the con- 
taminated area. 
_ 
Rellzted Material. See paragraph 5-21. 
~ 
Figure 5-42. 
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Problem 6-". Calculation of Total Gamma Radiation 


Dose Received in a Contamina1ed Area 


_ 
Figure 5-42 gives the total dose received 


if a cont.uninated area is entered at a specified 
time and occupied for a specified interval of 
time. The vertica1 axis gives the accumulated 
dose for each unit (rads/hr) of dose rate at one 
hour after the detonation. The various curves 
represent time of stay in the contaminated area. 
To determine the accumulated dose, a f:-:::tor is 
taken trom the vertica1 axis corresponding to the 
time of entry and the time of stay. The product 
of this factor and the dose rate at one hour is 
the accumulated dose. 
.- Example II, 
~tven: The dose l'ate in a given area at I 


hour after a nuclear explosion is SOO rads/hr. 


Find: The total dose .-eceived by a man 
who enters the area 2 hours after the explosion 
and remains 4 hours. 


Solution: From Figure 5-42. the intersec- 
tion of the line for a time of entry of 2 hours 
after burst with the 4 hour curve gives a factor 
or 0.8. 
Answer: The :3ccumulated dose is: 


500 x 0.8 = 400 rads. 
II Related MaterillI, See paragraphs 5-21. 
See also Figures 5-40 and 5-41. 
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Problem 5-12. Calculation of Fallout Gamma Radiation Dose Rate 
ContoUR for BuI"ltS in the Transition Zone 


_ 
Fig'.m: 5-43 may be used to determine 
whether or cot a burst is in the transition zone, 
i...:: •• below a height of burst of lOOWO·35 feet. 
Burst heights below the curve in Figure 5-43'are 
in the transition zone. Burst heights above the 
curve are air bursts. In some situations, it may 
t:: c:::::-::!:'!: !c consider bursts below 180WO·4 
fe'!t to be in the transition zone for conservative 
estimates. The means for doing this are dis.,:ussed 
below. When a burst occurs in the transition 
zone. an approximation of the resulting fallout 
contamination patterns may be obtained by 
multiplying the dose rate contour values for a 
contact surface burst weapon of the same yield 
by an adjustment factor from Figure 5-44. The 
curves of Figure 5-44 were constn:.cted under 
the assumption that the ratio of the dose rate 
values from a burst in the transition zone to the 
dose rnte values for the same contour from a 
surface burst are proportional to the ratio of the 
volume of a segment of a sphere intercepted by 
the ground surface to the volume of the hem!- 
sphere, where the radius of the sphere is 
100W(1.35 feet, i.e., 


'" 


( 
IOO __ 
h )2(200+_h ) 


w035 
w035 
Att;''''' ..... "t J:2rt('lT = ____ 
~~ __ -..;. 
2x 106 
' 


where h is the actual height of burst iH feet, and 
W is the total weapcn yield in kilotons. 
.. 
In "iew of the lack of data from bursts 


~transition zone over a land surface, a more 
conservative estimate may be desired. In this 
case, the height of burst for the upper limit of 
tt.e tran~tion zone is taken. to be 180WO·" feet. 
The adjustment factor to be applied to dose rate 
values for the same contours from a surface 
burst of the same yield can be calculated from: 


I 


{ISO _~-r (360 + 2-) 
\' 
",to .. ] 
wO" 
Adjustment Factor = 
\ 
1.17 X 10' 
. 
II 
Example II 


Given: A hypothetical weapon with 2. toU!1 
yield of 600 kt, of wblcb 200 "'t ~S1~I!" froT"! 
fission, is burst 560 feet over a land surface with 
1 0 knot effective wind conditions. 
Find: The contour parameters for a dose 
rate of 1 5 rads/hr at H + J hour reference time 
over smooth terrain. 


Solution: From Figure 5-43, a 600 kt 
weapon burst below about 940 feet would be in 
the transition zone. A height of burst of 560 
feet is less than three quarters of the limiting 
altitude of the transition. so fallout is the only 
residual radiation to be considered. Tne 15 rads! 
hr contour for a fission yield 1::> total yield ratio 
of 200/600 = 1/3 corresponds to the contour for 
15 + 113 = 4S rads/hr for a weapon of 600 kt 
fission yield. The dose rate over ~nably level 
terrain is about 70 percent of that over an ideal 
smooth plane. Thus, the ideal smooth plane con- 
tour parameters for this weapon burst on the 
surface would correspond to 


4S 
.::,' 
d ,. 
0.7 = u-. ra :.,IlI. 


From Figure 5-44 (or from the normal adjolSl- 
ment factor equation given above) the height of 
bUISt adjustment factor for a 600 kt weapon 
bUISt at 560 feet is 0.21. Therefore, the desired 
contour parameters can be obtained by entering 
Figures 5-28, 5-31. 5-34, and 5-37 with a yield 
of 60("\ kt and reading the parameter values cor- 
responding to an H + 1 hour dose rate of 


64 
0.21 = 300 rads/br. 
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- AllSy ... er: The H + I hour dose rate param- 


eter values are shown below: 


Parameter Value 
for a 10 Knot 
Somce 
EffectiVe W'md 
Parameter 
Figure 
(miles) 


Downwind Distance 
5-28 
80.0 


MaximWIl Width 
5-31 
9.0 


Ul>Lan,;C to 
5-34 
25.0 
Ma.dm:.:m Width 


Ground Zero Width 
5-37 
4.4 


Upwind Distance 
5-37· 
2.2 


WUP...u.d distana: equals 0De~ the Il'C>U.J:Id zao width. 


NOTE: These are the same dose rate contour 


parameters that were obtained in Problem 5-8 
for the SO rad/hr contour from an identical 
weapon burst on the surface of rough, hilly ter- 
III ReliabUify. There is little data to sup- 
port the height of burst correction factors. Addi- 
tionally. the degree to which wind and other 
meteorological conditions affect these contour 
parameters cannot be overemphasized. The con- 
tours presented in these curves have been ideal- 
ized in order to make it possible to present aver- 
age, representative values for planning purposes. 
Due to these limitations, a meaningful per- 
centage reliability figure cannot be ussigned to 
the idealized fallout pattern. 
_ 
Re1l1.ted Material. See paragraphs 5-17 
thiough 5-22. 
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Problem 5013. 
Calculation of Fallout Gamma Ray Dose 


Rate Contours for Underground Bursts 


- 
Figure 5-45 presents depth multiplica- 
~ctors for the surface burst contour param- 
eters in Figures 5·28 through 5·37. If the weapa 
on yield and depth of burst in land are known, a 
multiplication factor can be determined from 
this curve, or a range of values can be deter- 
nrlned for deep bursts. The idealized contour 
p:::..--a.-:teters of a surface burst of the san!e yield 
are multiplied by this factor to obtain idealized 
contour parameters for the underground burst. 
_ 
Figures 5-28 through 5-37 must be used 


t~ain surface bum parameters. These curves 
present idealized contour parameters for various 
effective wind speeds and for yields from 0.01 
kt to 30 Mt. These parameters are for a refer- 
ence time of one hour after detonation on an 
infinite smooth plane. Since these surface burst 
parameters must be used to determine contours 
for underground bursts, all conditions that apply 
to Figures 5-28 through 5-37 also apply to the 
resulting underground burst contours. For 
example, to obtain dose rate values for times 
other than H + 1 hour, adjustment procedures 
are the same for underground bursts as those for 
surface bursts as discussed ~ the explanatory 
text for those flgu.'"es. 


• 
Figure 545 shows the depth multiplica- 
t",,, 
",.-tnT" -'C '" ft.mction of depth of burst for a 


i 
~I. explosion. Factors may be obtained for 


!I:. 
elds by the scaling procedures. 
SazIing. For yields other than I kt, scale 
asfo ows: 
db 
dbl = WIll' 


where db! is the depth of burst for 1 kt and ., 
is the depth of burst for a yield of W kt. On 
the equivalent depth of burst for J kt has been 
determined, the depth multiplication factor may 
be read from Figure 5-45. This factor is applied 
to dose rate contour values obtained from Fig- 
ures 5·28 through 5-37 for a yield .of W kt. 
til Example .: 
Given: A 20 kt explosion at a depth of 135 
feet under 20 knot effective wind conditions. 
Find: The idealized dose rate contour 


parameters for a dose rate of 100 rads/hr at 1 
hour after the explosion. 


Solution: The equivalent depth of burst for 
a 1 kt explosion is 


db = ~;: 135 
= 50 ft. 


I 
WI/3 
(20)113 


From Figure 5-45, the depth multiplication fac- 


tOT corresponding to this depth of burst for a J 
kt explosion is 1.2. 


Answer: Th~ H + 1 !lour dose rate param- 


eters for a 20 kt explosion at a depth of 135 feet 
are shown below: 


Surface 
Depth 
Underground 


Source 
Burst Value 
Multiplication 
Burst Value 
Puameter 
Figure 
(stat!Jte miles) 
Factor 
(statute miles) 


Downwind Distance 
5-29 
35.0 
1.2 
42.0 


Maximum Width 
• 5-32 
1.4 
1.2 
1.7 


Distance to 
5-35 
18.0 
1.2 
21.6 


Maximum Width 


Ground Zero Width 
5-37 
1.4 
1.2 
1.7 


Upwind Distallce 
5-37 
0.7 
1.2 
0.8 
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• 
ReliabUity. The limitations present in 
Fig>Jl'es 5-28 through 5·37 and the treatment of 
surface bursts apply to this treatment of under· 
ground bursts. Also, more stringent restrictions 
must be placed on the use of this treatment of 
underground bursts. In the absence of sufficient 
data, the results of a complex computer code 
were used to generate the idealized dose rate 
paramett:r contour values for surface bursts. The 
resultb of an equivalent code are not available 
for underground bursts. Thus, the dependence 
of the size and shape of a particular contour on 
depth of burst cannot be predicted in detail, 
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even under the restrictions of the idealized 
model presented here. Variations in soil type 
also are expected to affect the fallout pattern of 
underground bursts to a great:r degree than sur- 
face bursts, but there are little data to substan- 
tiate t.'4tis belief. Some of the uncertainties are 
reflected iJY th~ shaded region in Figure 5-45. 
Although the pI"!' .'ictions cannot be considered 
reliable, t.bi. t~4onent should give a rough pic- 
ture of the general behavior of the fallout pat- 
~ 
~ 
Related Material. See paragraphs 5-18 


tfuough 5-21 and paragraph 5-23. See also Prob- 
lem 5-8 and Figures 5-28 through 5-37. 
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Figure 5-45. III Depth Multiplication Factor for Unear 
Dimensions of the Fallout Pattern from a 1 let 
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RESIDUAL RADIATION FROM 


WATER SURFACE AND 
UNDERWATER BURSTS ttl 


_ 
The distinction between initial and resi- 
dual radiation from underwater bursts is much 
Jess etistinct than it is for air bursts or land sur- 
face or !l:Ubsurface bursts, The radiation accom- 


P~(y ill!;, ti.e base surge expands sufficiently 
rapidly as to become merged with what is nor- 
mally considered initial radiation. In the case of 
water surface bursts, the distinction between 
initial and residual radiation is somewhat more 
clear cut, but in most cases the residual raetiation 
will not be of great significance. 


5-25 Water Surface Bursts til 
_ 
A base surge (paragraph 2-75, Chapter 2) 
is not expected to fonn as a result of a water 
surface burst, consequently a separation be- 
tween initial and residual nuclear radiation can 
be made as in the case of a land surface explo- 
sion. An approximation of the initial nuclear 
radiation dose may be obtained from Figures 5-9 
through 5-J 7 in Section I of thls chapter. It 
must be emphasized, however, that the dose so 
obtained will be an approximation. The curves 
of Figures 5-9 through 5-17 are based on exten- 
,::.:_ .:::::;::::: :':":::':~.ltions for a receiver on or 
near a land surface, These calculations included 
the effect of the ground-air interface, and a 
number of comparisons with measured data have 
substantiated the validity' of the calculations. A 
limited number of comparisons of the same 
. computer calculations have also indicated good 
. agreement with initial gamma ray dose measure- 
ments made near a water surface after high yield 
explosions; however, these were not true water 
surface explosions, and no comparisons with 
neutron dose are available. Thus, in the absence 
of data and in the absence of comprehensive 
wr .. y~:.::r cz!c~!:.tions. the curves of Figures 5-9 
throU)ili 5-17 provide the best available data for 
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I 
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simplified calculations of initial nuclear radia- 
tion dose from water surface bursts. 
... For yields of more than a few kilotons, 
~ud 
from a sea water surface burst is siIr.:- 
Jar to that from a land surface or low air burst of 
the same yield. The cloud height and horu.",r;.al 
extent aTe detennined primarily by the yield and 
by atmospheric conditions. For megaton yields, 
the maximum cloud height may be somewhat 
greater than that for a land surface burst, as a 
result of the release of latent heat from con- 
densation of vaporized sea water. For very low 
yields. it is possible that the maximum cloud 
height may be less th~n for It land or low air 
burst, as a result of interference from the dis- 
turbed water. It is also possible, under certain 
atmospheric conditions, that the sea saIt raised 
and dispersed in the atmosphere by low yield 
explosions may have a cloud-seeding effect. In 
this event, the water burst could produce a 
larger, higher cloud than a land burst, and the 
dispersion of saIt would trigger a rainout of 
~ivity. 
_ 
The possible cloud seeding described 
above is only one example of the extreme sensi- 
tivity of fallout from water surface bursts to 
atmospheric conditions, especially relative 
humietity. This sensitivity results from the 
hygroscopic (water-absorbing) nature of the fall- 
out partic1es. These particles consist mainly of 
sea saIt and water. When dry, they are generally 
much smaller and lighter than fallout particles 
from land surface bursts. Because water burst 
particles are smaller than those from land bursts • 
water bursts produce less close-in fallout than 
land bursts. In particular. water bursts, unlike 
land bursts, generally will not produce a region 
of intense fallout (several thousand r/h:r) near 
surface zero. The one possible exception is a 
water burst in an extremely humid atmosphere. 
~ 
Water surface bursts are even less likely 


~duce regular cigar-shaped fallout patterns 
than land surface bursts. The effect of atma- 


I 
I 


,..... 
- 
) 
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• 
spher..c humi~ty introduces further irregularities 
in fallout patterns. Also, because water surface 
burst particles take longer to fall than particles 
from land swface bursts. wind and weather con- 
ditions are more likely to change during the time 
of fallout transport and deposition. It is often 
difficult to defme a downwind direction in.the 
fallout pattern. The apparent downwind direc- 
tion may vary with yield and with time after 
burst at which the pattern is observed or 
calculated. 
_ 
Tn almost all cases. the region of maxi- 


mum deposit intensity is not around surface 
zero but considerably downwind. Th~, for a 10 
Mt burst. the ca1culated region of a normalized 
dose rate of at least 300 r/hr at 1 hour extends 
from about 125 to 300 miles from surface zero. 
The dose rate would, of course. be much lower 
at tbe time of anival and would vary t."troughout 
the area as a result of varying arrival times. 
_ 
As material in the cloud rises, it cools by 
~g 
ambient air, and by expanding with 


increasing altitude. Fallout particles form by 
condensation of vapor and grow by coagulation; 
that is, by collision and adhesion of smal~er par- 
ticles to form larger particles. The vapor conden- 
sation may be considered a 3-stage process. 
_ 
In the flTSt stage, ~cium and magne- 


Sium from the sea water and iroA, and other 
metals from the weapon condense as oxides. In 
t .... co ...... "rI c;t!lff' sodium ch1oride, which is about 
90 percent of dried sea salt, condenses on the 
nuclei provided by the stage 1 particles. In the 
t.lilid stage. water vapor condenses to liquid 
water or to ice, on the stage 2 particles. 
_ 
The median diameter of the stage 1 par- 


ticles is about J micron contrasted to a few 
hundred microns for a land surface burst. The 
size is expected to increase slightly with yield. 
because the particles are fonned by diffusion 
onto nuclei while the f:ueball is cooling by 
thermal radiation. The larger the f:ueball, the 
slower the cooling rate. The slower the cooling 


I 


rate, the more time is available for diffusive 
growth. 
_ 
During and after the three condensation 


stages, coagulation causes particle growth. Par- 
ticles of sub-micron size coagulate as a result of 
Brownian motion. Somewhat larger particles 
coagulate due to turbulent accelerations in the 
cloud. Turbulent ooagulation only appears to be 
of importance in clouds from megaton bursts. 
Even larger particles grow by gravitationai 
coagulation; that is, as they fall through the 
cloud they overtake and capture smalJer par- 
ticles. Gravitational coag-.. llation is partic.llarly 
important for low-yield bursts in humid atmcr 
spheres. The process is simiJar to one of the 
mechanisms i~~ growth of ordinary raindrops. 
The largest pa.-o..1cles formed, i.e., those from low 
yield bursts in a humid atmosphere; may have 
actual diameters of 2,000 microns. Part!cles of 
this size fall out of the cloud rapidly. Thus, 
there is a practical limit on the growth of par- 
ticles in the cloud. 
_ 
Moisture effects play a dominant part in 
water surface burst fallout. In general, the more 
humid the atmosphere, the more radioactivity is 
deposited as close-in fallout. Most of the mois- 
ture contained in the clouds of low yield bursts 
comes from entrained air. Consequently, the 
higher the humidity. the greater the cloud mois- 
ture content. In tum, the salt particles absorb 
more water, and, as they get lar!;er, gravitational 
il 


a lation proceeds faster. 
Moisture not only has a direct effect on 


par c e formation, but also has an indirect ef- 
fect on cloud height. The top of the cloud from 
a 20 kt water surface l)urst in a veJY humid trop- 
ical atmosphere may reach the tropopause at 
about 55,000 feet. In a Jess humid atmosphere, 
the cloud from a bUrst of the same yield may 
rise less than half as high (see Figure 5-39). Salt 
particles absorb moisture from ht!mid air; the 
moi>ture evaporates when the particles are 
exposed to relatively dry air. Consequently the 
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..... " • 
size, falling rate, and time and place of deposit 
of water surface burst fallout particles vary with 
the atrnospheric humidity the particles en- 
CX"'Juter during their trajectories. As the particles 
fall, they usually shrink by evaporation and may 
become completely dry, with a diameter of at 
most 100 to 200 microns. They then fall very 
slowiy. and move laIge horizontal distances as a 


:-.:~.::.:: :J :'''1: forces exerted by the wind. Finally, 
tile particies reach the m~ humid air near sea 
level, begin to grow by absorbing moisture, and 
fall faster. Thus, although partic1es from a mega- 
10n burst may leave the cloud with a water con- 
tent almost entirely derived from sea water, this 
water may evaporate completely during fall. and 
the water content of the particles that reach the 
surface is entirely atmospheric moisture. An 
exception to this situation could occur for a 
burst in an arctic atmosphere. The cold air retards 
evaporation, even if humidity is Jow. and some 
of the original sea water could remain on the 


• 


rtic1es. 


Maximum fallout intensity, as well as 


the area covered by fallout from a water surface 
burst increases with weapon yield. For yields 
between 1 kt and 100 kt, the nonna1ized H + I 
hour exposure rates are expected' to be negli- 
gible. The highest normalized intensities from a 
] 00 kt explosion are expected to be more than 


oW roenu~ens per hour (r/hr), but Jess than 100 
r/h:r. The highest intensities from a 1 Mt burst 
are expected to be over ] 00 r/hr but leB than 
300 r/hr. Finally, a 10 Mt burst is expected to 
produce intensities over 300 r/hr, but less than 
1,000 r/hr. Since all of these exposure intensities 
are normalized to H + I hour, and the fallout 
will anive at significantly longer times after 
burst for the Ja.-ger yields (depending upon the 
wind), the radiQactivity will have decayed to 
much smaller levels prior to the time of arrival 
and fallout generally is not expected to be a 
g~ 
effect from water surface bursts. 


'.. '$ 


I 
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5-26 Underwater Bursts II 
• 
An underwater burst creates a highly 
energetic bubble. whose history detennines the 
major above-surface effects. For very shallow 
explosions, the bubble expands. through the 
water surface with a high internal pressure, and 
develops a hollow. column through which the 
bubble blows out into the atmosphere in the 
form of a cloud at the OOIUJ'lll top. FOI a some- 
what greater depth, the bubble expands thrO!.1gh 
the water surface at lower internal pressure and 
a column again forms, hut no blowout occurs. 
Transitiorl from columnar formations to plume- 
like eruptions, hemisp!terica1 in shape, takes 
place as the depth increases. The migration of 
the underwater bubble through the surface near 
its minimal phase at or shortly after its 
maximum-cxpansion phase creates the plumes. 
For deep explosions, the bubble may experience 
several oscillations as it migrates upwards. If the 
explosion is very deep, the bubble will degen- 
erate and break up before reaching the surface. 
It is possibJe that an explosion may take place at 
such a great depth that little, if any, disturbance 
WI' 
1 e noted on the surface. 
The ejected water, whether a colum.n or 
a p ume, will fal] back to the surface rapidly. 
This massive subsidence creates a radially ex- 
panding aerosol cloud, or base surge. at the 
water surface. The base surge expands as a ring 
or disk until it dissipates energy received from 
the subsidiary plumes or columns. After expand- 
ing, it drifts with the surface winds. Some evi- 
dence suggests the base surge has the same initial 
bulk density as that of the plumes or columns 
from which it is formed, being several times the 
density of air. As it travels downwind, it will 
react to the exi.!!ting atmospheric conditions; 
e.g" evaporating or dev~ioping into low-cloud 
formations. These physical phenomena are de- 


. scribed in more detail jn Section IV, Chapter 2. 


_ 
1b.ree sources of radioactivity are the 


" 
,a .. 


i· • 


( - 
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major contributors to the radiation above the 
surface subsequent to an underwater explosion: 
initial, above surface nuclear radiation; base 
surge; and residua) radioactivity deposited in the 
mixed layer of the ocean. These sources are very 
time dependent, and they are affected by atmo- 
spheric and oceanic variables. 
_ 
Even for a shallow undenvater explosion 


the neutron and secondary gamma portions of 
the irJtia1 nuclear radiation are essentially negli- 


~~~~, , 1'1i' initial above-surface source includes the 
fission product activity contained in :he visible 
column and crown. or plume. This source con- 
tains radioactivity ejected into the atmospbere 
as a result of underwater hydrodynamic pbe- 
nomena. The scaled depth of burst is a major 
factor in determining the extent to which this 
initial radiation contributes to the total above 
surface exposure. The rapid development and 
spread of the base surge (paragraph 2-15, 
Chapter 2) causes the initial and residual radio- 
activity from an underwater burst to merge into 
one more or less continuous source . 
-. 
Tne base surge develops as a result of 


~underwater flow phenomena and the col- 
lapse of the water mas:;es associated with the 
initiiJ source. This radially expanding surge 
grows to large dimensions as ~ dense, fog-like 
aerosol carrying with it a substantial f!'action of 
suspended fission products. This source is either 
annular or disk-shaped in geometry and extends 
trom the ocean surface to a height of several 
thousand feet. The base surge is influenced 
strongly by the wind, moving as an entity at the 
existing wind speed and direction. Initially it is 
highly radioactive; however, as it expands and 
dilutes, the concentration of the fISsion products 
decreases. This dispersion. coupled with rapid 
radioactivity decay, resuJts in comparatively low 
~re 
rates by the fJrSt half-hour after burst. 
.. 
The residua) radioactivity in the surface 
liyer of the ocean is the third, and final. major 
source of radiation. This radioactive pool is 


: 


moved by the local cummts. which depend on 
the existing oceanographic conditions. The pool 
is initially a disk which upon expansion approxi· 
mates an annulus, although at times significantly 
later than a balf-hour, it reverts to an i.."TCgular 
disk shape. Eventual mixing down to the top of 
the thermocline and the action of horizont4l tur- 
bulent diffusion result in rapid dilution of the 
pool, Mucing its hazard as time progresses. 


_ 
The gamma radiation hazard created by 
the initial source, base surge, and pool resulting 
from an underwater nuclear explosion varies sig- 
nificantly with weapon yield and burst depth, 
proximity of the ocean bottom to the point of 
detonation, wind velocity and c:ment velocity. 
Consequently, a description of the radiation 
fields (exposure rate and total exposure) associ- 
ated with an underwater burst is complex, and 
no simplified prediction system suitable for 
general application has been developed. 


_ 
A prediction system, DAEDALUS, has 
been developed to compute the rad~ological ef- 
fects of underwater nuclear bursts. In this sys- 
tem, all above-surface sources, as well as the 
radioactive poo!, are approximated by ;Ylinders 
homogeneously contaminated with mixed fi~· 
sion products. The dimensions, water .::oncentra- 
tions, and fission product contents of these 
cylindrical sources are estimated from empirical 
a ... d theoretical considerations. Having defined 
the radioactive SOl.iI"ces, DAEDALUS cakulate:;, 
for each time of interest, exposure rates from 
these sources at specified detector locations. At 
each location the exposure rates are summed 
over time and the total exposure is thus cuml!- 
12ted. In the atsence of a simple prediction 
system suitable for inclusion in this manual. 
,examples of the rerults of DAEDALUS calcula- 
tions are presented to provide an appreciation of 
the potential magnitude of the problems associ- 
ated with radioactivity from underwater nuclear 
bursts. 
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Table 5-7. _ 
Ex.mplft Selected for Base Surge and Pool Exposure Rates 118 


Explosion 
Dc;>th of 


Yield 
Depth 
Water 


(kt) 
(ft) 
(ft) 


10 
6S 
5,000 
10 
6S 
65 


10 
ISO 
5,000 


1\1 
SOO 
5,000 


10 
),000 
5,000 


10 
),500 
5,000 
4IIIIIt A yield of 10 kt was selected to iUus- 
trate the effects of depth of burst and water 
depth or. the time dependen~ce of the gamma ray 
. exposure rates from the base surge and the pool. 
Table 5-7 shows combinations of depth of burst 
and water depth that were selected. Table 5-7 
also indicates the corresponding figures that 
show exposure i3tes as a function of time and 
radial distance from the source for the base 
surge and the pool respectively. A no-wind en- 
vironment was chosen for these examples, and, 
in the case of the pools. a no-current environ- 
ment was assumed. 


Base Surge 
Pool 


Figure Number 
Figure Number 


S-46 
5-52 
5-47 
5-53 


5-48 
5-"'4 
5-49 
5-5S 
5-50 
5-56 
5-51 
5-57 
III Figures 5-58 through 5-75 show the ac- 


cumulated exposures for two scaled depths (db 
=: 30WI / 3 and db =: 280W1/ 4 ), corresponding 
to very shaUow and deep explosions, respective- 
ly (Figure 2-105, Chapter 2). The doses are 
shown for ]. 10. and 100 kt explosions at each 
sca1ed depth. Two minute, 10 minute, and 30 
minute exposures are shown for each yield at 
each sca1ed depth. In a1l cases it was assumed 
that the depth of the water was 5,000 feet, the 
effective wind was 15 knots, and a no-current 
condition existed. Table 5-8 identifies the figure 
fer each combination of yield, burst depth, and 
exposure time. 


Table 5-8. II 
Examplft Selected for Total Exposure tI 


Yield 
(kt) 


JO 
100 


IG 
100 


~108 


Explosion 
Depth 
«(t) 


30 
65 


140 
280 


SOO 


890 


Exposure Time 


2 Minutes 
10 Minutes 
30 Minutes 


Fig. 5-58 
Fig. 5-S9 
Fig. 5-60 
Fig. 5-6J 
Fig. 5-62 
Fig. 5-63 


Fig. S-64 
Fig. 5-65 
Fig. 5-66 
Fig. 5-67 
Fig.. 5-68 
Fig. 5-69 
Fig. 5-70 
Fig. 5-71 
Fig. 5-72 
Fig. 5-73 
Fig. 5-74 
Fig. 5-75 
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Figure 5-46. _ 
Base Surge Radiation Exposure Rate 15 Feet 
Above the Water Surface from a '0 let Explosion 


at a Depth of 65 Feet in 5.000 FeP.t 
of Water. No-Wind Environment. 
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Figure 547.11 Base Surge Radiation Exposure Rate 15 feet 
Above the Water Surface from a 10 kt Explosion 


on the Bottom in 65 Feet of Water. 
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Figure 5-48. _ 
Base Surge Radiation Exposure Rate 15 Feet 
Above~ Water Surface from a 10 let Explosion 


at • Depth of 150 Feet in 5,000 Feet 
of Water. No-Wind Environment 11 
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Figure 5-49. - 
Base Surge Radiation Exposure Rate 15 Feet 
Above 111: Water Surface from I 10 kt Explosion 
It • Depth at 500 Feet in 5,000 Feet 
of Water, No-Wind Environment .. 
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Figure" 5-50.11 Base Surge Radiation Exposure Rate 15 Feet 


Above tl'!e Water Surface frQm a 10 let Explosion 


at • DePth of 1,000 Feet in 5,000 Feet 


of Water, No-Wind Environment ..... 
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Figu:e 5-51. a Base Surge Radiation Exposure Rate 15 Feet 


Above the Water Surface from II 10 kt Explosion 
.t II Depth of 1,500 Feet in 5,000 Feet 
of Water, No-Wind Environment 11 
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Figura 6-62. II 
Pool Radiation Exposure Rate 16 Feet Above the Water Surface 


from a 10 kt ElCploslon at I Depth of 65 Feet In 6,000 Feet 
of Water, No·Current Environment 11 


('-'t 


10'5 
-... 
.r:; 
..... ... 


W 
t-e 
lOt. 
a: 


&II 
a:: 
:::. 
II) 
0 
Go. 
)0( 
"" 
10 


• 
o 


5-118 


2 min 


r 
3min 


f 
5 min 
7min 


10min == 


IS'min - 


20 min 


30 min 
I 


I 
I 
I 
\\ 


I I I I 
\\ \ \ 


1/ / 111 
~ ,\ \ 


/ 
.L 
f 
f 
,\\ 
\ 


/ 
/ 
I 
LJ 
'\.u 
\ \ 


/ 
/ 
/ I I I 
I 
'" 


,\ \ \ 


/ / VI 1/ /1 / 


~ ~\\\ 
200 
400 
600 
800 
1000 
1200 
1400 
1600 
1800 


RADIAL DISTANCE FROII SOURCE AXIS (yards) 


Figure 5-53. II Pool Radiation Exposure Rat:: 15 Feet 


Above the Water Surface from a 10 let Explosion 
• on the Bottom in 65 Feet of Water. 
• 
No-Current Environment. 
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Figure 5-54. II Pool Radiation Exposure Rate 15 Feet Above '!he 
Water Surface from I 10 let Explosion at • Depth 


of 150 Feet in 5,000 Feet of Water. 
No-Current Environment III 
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Figure 5-55. _ 
Pool Radiation Expcsure Rate 15 Feet Above the 


watftrface from 8 10 k:t Explosion at. a Depth 


of 500 Feet in 5,000 Feet of Water, 
No-Current Environment II 
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Figure 5-56. lit Pool Radiation Exposure Rate 15 Feet Above the 


Water Surface from D 10 kt explOsion at a Depth 
of! 1.000 Feet in 5,000 Feet of Water, 
No-Current Environment _ 
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Figure 5-57. _ 
Pool Radiation Exposure Rate 15 Feet 


~ 
the Water Surface from • 10 Itt Explosion 


at • Depth of 1,500 Feet in 5.000 Feet 
of Water, No-Current Environment. 
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Figure &68. 11 Two-Minute Total Exposure 16 Feet Above the Water Surface 


from a 1 k' ElCploslon at a Depth of 30 Feet In 6,000 Feet of Ws'er, 


16 Knot Wind, No·Current Environment .. 
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Figure 6-69. WI Ten·Mlnute Total ExpoMe 16 Feet Above the Water Surface 


from a t kt t:kploslon at a Depth of 30 Fuet In 6,000 Feet of Water, 


16 Knot WInd, No-Current Environment II 
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Figure &60, tarhlrtV-Minute Total Exposure 15 Feet Above the Water Surface 


from 8 1 kt E1Cploslon at a Depth of 30 Feet In 5.000 Feel of Water, 
16 Knot Wind, No-Current Environment. 
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Flgur. ~8t. • 
Two· Minute Totlll Exposure 16 Feet Above the Water Surface 


from a 10 kt EMploslon at 8 Depth of 66 Feet In 6,000 Feat of Water, 


15 Knot Wind, No,Current Environment. 
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Figure 6-02. _ 
Ten·Minute Tolal Exposure 15 Feet Above the Water Surface 


from II 10 kt Explosion at a D!lpth of 65 Feet In 1.'.000 Feet of Water, 
15 Knot Wind. No·Current Environment _ 
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Figure 6-63. II Thirty-Minute Total ElCposure 15 Feet Above the Water Surface 
frol11 II 10 kt Explosion at a Depth of 65 Feet In 5.000 Feet of Water. 
16 Knot Wind, No·Current Environment II 
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Figure 6-64. til Two·Minute Torel Exposure 16 Feet Abolle the Water Surface 
from 8 100 kt Explosion lit II Depth of 140 Feet In 6,000 Feet of Water, 
16 Knot Wind, No·Current Environment. 


.. 


• 


- 
- 


- 


"~ .~ • !. 


! 
~ 


• 


ill 
-,.. -we •• III 
Itl 
= ;: •• - 
~. 
-,,",.--"'. 
:....~ ,f 0'''' ._trt*t 


• 


.. 


• 
• 
t 
.1 
• 
10 I /I 
f. 
II I .if 


o 
..... 
I 
I 
I 
I 
I 
YAADS IN THOUSANDJ 


Figure 5-86. II 
Ten·Mlnute Total expOsure 16 Fe.t Above the Wate, Surface 


from a 100 kt explosion It It Depth of 140 Febt In 5,000 Faet of Weter, 


16 Knot Wind, No·Current Environment. 
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Figure 6-66. II Thlrlv·Minule Total Exposure 15 Feet Above the Water Surface 
from a 100 kt Explosion at a Depth of 140 Feet in 6,000 Feet of Water, 
16 Knot Wind, No·Current Environment 11 
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Figure 6-61. .. 
Two·Mlnute Total Exposure 16 Feet Above the Water Surface 


from a 1 r.-ElCploslon at II Depth of 280 Feat In 6,000 Feet of Water, 
16 Knot Wind, No-Current Environment II 


(:;) 
'"- 


• 


~ 
I 


" 


U'I 
!. 
w .. 


• 


WINO. 
I!UNOTS 


y 
1100 
1000 
I 
I 
YARDS 


.. 
# 


" 


CONTOURS IN ROENTGENS 


Figure 6·6P. II 
Ten·Mlnute Total Exposure 16 Feet Above the Water SurfoCll 


from II 1 kt Explosion lit a Depth of 280 Feel In 6,000 Feet of Water. 
16 Knot Wind, No·Current Environment II 
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FIgure 6-89. II 
Thlrty·Mlnute Total Exposure 16 Feet Above the Water SlJrfllct 


from • 1 kt Explosion It a Depth of 280 Feet In 5.000 Flllt of Water. 


16 Knot Wind, No-Current EnvIronment til 
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Figure 6-70. II 
Two-Minute Total Exposure 16 Feet Above the Waler Surface 


from 10 kt Explosion at a Depth of 600 Feet In 6,000 Feet of Watrr, 


15 Knot Wind, No-Current Environment. 
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Figure 5-71. II 
Ten-Mlnul~/ TOlel Exposure 16 Feet Above the Water Surface 
from II 10 kt ExplOSion at 8 Depth of 600 Feet In 6,000 Feet of Water, 
16 Knot Wind, No-Current Environment _ 
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Figure 6-72. til Thlrtv·Mlnute Total Ellposure 16 Feet Above the Water Surface 


from I 1(1 kt Explosion at 8 Depth of 600 Feet In 6,000 Fect of Water, 


16 Knot Wind, No-Current Environment til 


,. .. 


IT 


I .. 


...IIIIiI 


! 
w 
en 


WINO. 


I~ MNOTS 


o 
2 
I 
I 
YAROS IN THOUSANDS 


Figure 6-73, _ 
Two-Minute Total Exposure t5 Feat Above the Water Surface 
from a 100 kt Explosion at a Depth of 890 Feat In 5,000 Feet of Water, 


15 Knot Wind, No-Current Environment. 
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Figura &74. 11 Ten·Mlnute Total EKPosure 15 Feel Above the Water Surface 


from 8 100 kt Explosion at a Depth of 890 Feet In 5,000 Feet of Water, 


16 Knot Wind, No-Current Environment " 
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Figure 1).76. _ 
Thlrtv·Mlnute Total Exposure 16 Feet Above the Water Surfa~ 


from a 100 kt Explosion at I Depth of 890 Feet in 6,000 Feet of Water, 


16 Knot WInd, No·Current Envlronment_ 
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DOSE RECEIVED WHILE 


~ING THROUGH A 


NUCLEAR CLC?UD ... 


_The radioactive nuclear cloud represents 
a potemial hazard to crews of aircraft that fly 
through the cloud. The dose that a crew might 
receive will depend upon many variables includ- 
ing the time after burst (which determines the 
intensity of the radiation as well as the size of 
the C'lolld), the portion of the cloud traversed, 
and the length of transit time through the cloud. 
_ 
After stabilization, the particJes that 


md",e up the radioactive cloud wiIJ travel with 
the winds as they fall. and, since the wind speed 
and direction are both likely to vary with alti- 
tude and time, the size and shape of the cloud 
can only be described by complex computer 
codes that can accept temporal and spatial varia- 
tions in weather data. No simple idealized shape 
can describe the cloud adequately. Even during 
the time of cloud rise, the winds will act on the 


\ 


particles, and the cloud probably will not stabil- 
ize directly above ground zero; however. the 
shape can be approximated roughly by a right 
circular cylinder, with a stem of smaller diam- 
eter below it, at the time of stabilization. Fig- 
ures 5-76 through 5-78 show the cloud diameter. 
the height of the cloud bottom, and the height 
of the cloud top. respectively, as functions of 
time after burst for various yields. These figures 
allow approximatio;;< of the dcud dimensions 
@ 


UrinthefirstfewminutesafteranexpIOSicn. 


. 
Even if the cloud geometry were known, 
no sa isfactory model exists from which simple 
scaling procedures could be developed to predict 
the dose received while flying through the cloud. 
Figure 5-79 shows estimates of the transit dose 
as a function of transit time for several entry 
times. These estimates were extrapolated from a 
limited amount of test data. The relative hazard 
for flight throufh the stern is even Jess certain. 
but it is beJieve,d to be less than that from flight 
through the center of the cloud . 
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Problem 5-14. 
Calculation of Dose Received While Flying 
Through a Nuclear. Cloud 


_ 
The curves in Figure 5-79 show the total 
dose received while passing through nuclear 
clouds at various times after burst. Figures 5-76 
through 5-78 provide the dimensions of the 


~'! as a function of time after burst. 


/:'r:Qn:ple _ 
Gil'en: An aircraft flying at 235 knots at an 
altitude of 23,000 feet passes through a nuclear 
cloud from a 50 I<:t weapon 5 minutes after the 
explosion. 


Find; The probable maximum exposure of 
the crew. assuming that the s..~ielding of the air- 
craft structure is negligible. 
Solution: From Figure 5-77. the height of 


-the cloud bottom will be about J 6,000 feet 5 
minutes after a 50 kt explosion, and from Figure 
5-78, the corresponding height of the ch .. ud top 
is 30,000 feet. Thus, the aircraft is flying at an 
altitude corresponding to the vertical center of 
the cloud. The maximum dose (corresponding to 
maximu.n transit time) will occur if the aircraft 
flies through the horizontal center of the cloud, 
i.e., if the aircraft traverses the entire diameter. 
From Figure 5-76, the diameter of a cloud from 
a 50 kt explosion will be 2.7 miles at 5 minutes 


~f~p", th .. h,l ..... t Th .. ~;rCTaft speed is 


235 x 1.15 = 270 mph. 
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The transit time is 


2.7 
270 ::: 0.01 hr 


::: 0.6 min. 


Answer: From Figure 5-79, with an entry 
time of 5 minutes and a transit time of 0.6 
minutes, the expected dose is 37 rads. The maxi- 
mum dose might be twice this value (see Reli- 
ability below), or 


2 x 37 ::: 74 rads. 


• 
Reliability. The doses obtained from 
Figure 5-79 are estimated to be accurate within 
a factor of 2 for flight paths that pass near the 
cloud center. If the path is near the cloud 
boundary, the predicted dose probably will be 
higher than the actual dose, although the magni- 
tude of the error is unknown. Additional uncer- 
tainties of unknown magnitude are introduced 
by the prediction of the cloud size. but these 
uncertadtties are not believed to be large for 
times of entry soon after burst and for short 
transit times . 
• 
Related Material: See paragraphs 5-15 
through 5-J 9. 
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Figure 5-76 .• 
Cloud Diameter as a Function of Time After Burst 
for Various Weapon Yields _ 


-liliiii 
10' o 
2 
3 
4 
5 


TIME AFTER DETONATION (mlnut .. , 


Figura 6-77 .• 
Height of Cloud BaHam liI'-~nction of Time 


for Various Weapon YleldS~ 
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Height of Cloud Top a~ 11 Function of Time 
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Figure 5-79 .• Dose Received While Flying Through a 


Nuclear Cloud as a Function of Tl'llnsit 


Time Through the Cloud • 
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.PRECIPITATION EFFECTS. 


_ 
As mentioned in paragraph 5-16, the sur- 
face contamination from an air burst weapon 
will be militarily insignificant in most cases. The 
radioactive particles remaining from the weapon 
debris are extremely small, having diameters that 
range roughly between 0.01 and 20 micro- 
meters. The weapcn cloud carries these particles 
to high altitudes, with the exact altitude being 
Il .. po::nW:llI or. lnt: weapon yield and atmospheric 
conditions. These particles are too small to fall, 
but they can diffuse downward and can be 
deposited by atmospheric turbulence processes. 
In the absence of precipitation, the deposition 
process takes place over sufficiently long periods 
of time that the cloud will have spread over a 
large volume as a re~ult of diffusion and the 
action of winds at different levels, thereby re- 
ducing the particle concentration. Over this 
same period of time the radioactive decay de- 
creases the activity levels. The net result is that 
dry deposition of particles from air burst weap- 
ons will not be militarily significant although 
there may be some )ong-tenn effects, e.g .• 
thyroid exposures from radioactive iodine. If 
precipitation occurs in or above the nuclear 
cloud, however. there is a p()ssibility that con- 
tamination that could be considered militarily 
significant may be deposited on the ground as a 


~A""h "f' <'~"""""~ing of the radioactive particles 
by Ute rain or snow. Precipitation also can affect 
the fallout from a surface or subsurface burst, 
but contamination is expected from these bursts 
with or without precipitation. The primary ef- 
fect of precipitation on the contamination re- 
sulting from surface or subsurface bursts would 
be to change the location and shape of the mili- 
tarily significant fallout contours. If precipita- 
tion scavenges and deposits that portion of the 
radioactive debris from surface or subsurface 
bursts that would have been delayed fallout 
rather than early fallout (see Section Ill, 


I. 


"RESIDUAL 
RADlA nON ," "FALLOUT"). 


the resulting contamination on the ground is not 
expected to be militarily significant. 


5-27 Precipitation Scavengin. 


• 
Precipitation scav~nging may be Ji-.. ided 


into two types: scavenging when the nuclear 
cloud is within the rain cloud, usually called 
rainout or snowout: and scavenging wher. l:le 
nuclear cloud is belv'" th..: 1..1;,', \~(.v,,; .::; ..... ..:. 
usually called washout. Rainout is generally con- 
sidered to ':-e a much more efficient form of 
scavenging than washout. but there are many 
factors that affect precipitation scavenging and 
the ground contamination resulting therefrom. 
These factors are discussed in the succeeding 
paragraph. 


5-28 Factors Affecting the Prediction of 
Ground Contamination from Precipitation 
Effects • 


_ 
The prediction of the contamination pat- 
terns that may result from precipitation scav- 
enging of air burst nuclear weapons is compli- 
cated by many factors. Some of the important 
factors are discussed below. 


• The burst occurs during precipitation. If the 
burst occurs dllY;n!.! heavy preciriration. or if 
heavy precipitation begins at the burst loca- 
tion during stabilization time, the pattern will 
be roughly circular around ground zero, and 
wiJI be roughly the size of the nuclear cloud 
(if the rain cloud extends to distances beyond 
the nuclear cloud radius). 


• The weapon yield. The cloud from low yield 
weapons will be completely contained be- 
neath the rain layers; as the yield is increased. 
the percentage of the nuclear cloud beneath 
the raiI'! layer decreases; at a sufficiently high 
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yield, ~he entire stabiliied cloud will be above 
the rain layers. Specific yields will, of course, 
depend upon the height of the rain layer. 


• The size and shape of the nuclear cloud. If no 
precipitation occurs during or very soon after 
burst, the nuclear clou~ will reach its stabi- 
lized aaitude. Tne size and shape of the radio- 
active cloud will depend upon the meteoro- 
logical conditions after the stabilization time 


(~!~.; .. u;!..~.n":'vl1 altitudes of both the top 
and Dottom of the cloud will depend on the 
atmosphere within which the explosion oc- 
curs, and the position of the stabilized cloud 
will depend upon the winds that act on it 
during its rise, but these effect:S are generally 
small compared to the changes L"'l cloud shape 
and size after stabilization). In the absence of 
precipitation or velocity shear in the wind, 


.. the dominant physical phenomena responsible 
for reducing the activity concentration in a 
nuclear cloud is diffusion produced by turbu- 
lent eddies in the atmosphere. Reasonable 
estimates of the diffusion in a horizontal 
plane exist. Less is known about vertical dif- 
fusion; however, unless the vertical diffusion 
causes the particles to enter a zone where the 
wind speed or direction changes, it will not 
affect the horizontal concentration. Changes 
in wind speed and direction can have a signifi- 
cant effect on the size and shape of the nu- 


~, .. ., .... l .... uri 
~;"r: .. the particles from an air 


burst are so small that they will not actually 
"fall," they will be acted on by winds within 
a specific altitude layer. Frequently. several 
such layers will exist within the thickness of 
the cloud at stabilization, each having a dif- 
ferent speed and/or direction. Changes in 
both speed and direction of the wind.are 
likely to occur as a function of time and 
space. Since most of the particles within any 
one altitude layer will remain in that layer for 


) 
long periods of time, differences in wind ve- 
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locity (speed and direction) between layers, as 
well as changes within a layer, generally will 
tend to decrease the horizontal concentration 
as viewed from above (exceptions may occur, 
of course, e.g., changes in direction may cause 
two layer that have separated to overlap after 
some time). The net result of all of the factors 
acting on the nuclear cloud from a low alti- 
tude air burst is that it generally will tend to 
increase in size horizontally without drastic 
changes in the vertical dimension for rela- 
tively long periods of time, unless precipita- 
tion scavenging occurs. This increase in hori- 
zontal dimensions will decrease the concentra- 
tion of radioactive particles available for 
scavenging. 


• Radioactive decay. While the nuclear cloud is 
drifting, the radioactive isotop.!s decay con- 
tinuously. Thus, the longer the time between 
the explosion and the :;me that the nuclear 
cloud encounters precipitation, the smaller 
the total intensity of radiation that will be 
available (see Problem 5-9 and Figure 5-40). 
lllis, together with the generai decrease in 
horizontal concentration described above, 
reduces the potential hazard with increasing 
time. 


• The Ttlin cloud size. and the type and during 


o[ the precipitation. If the rain cloud is smal- 
ler than the nuclear cloud, only that portion 
of the nuclear cloud that is in or below the 
rain cloud will be available for scavenging 
(any part of the nuclear cloud that is above 
the rain cloud is not available, as discussed un- 
der the effects of yield above). If the rain 
cloud is larger than the nuclear cloud in hori- 
zontal dimensions, any portion of the nuclear 
cloud ~at is !n or below the rain cloud will be 
available for scavenging. The length of time 
duri.'1g which the nuclear cloud is available for 
scavenging will depend on the relative direc- 
tions and speed of travel of the nuclear .and 
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rain clouds. The efficiency of the scavenging 
process will depend on the debris characteris- 
tics. scavenging mechanisms, and the type of 
ram. Heavy precipitation generalJy is consi- 
dered to be more efficient in the scavenging 
process than light rainfall. Finally, strong up- 
drafts aud downdrafts of wind are frequently 
found around and within 2 rain cloud. These 
vertical air motions could prevent the inter- 
section of the nuclear cloud and the rain 


·:!-:'~:C. but under some circumstances the air 
I"f!otions could en chance the mixing of the 
two clouds. 


• The effects of precipitation on the contam;TU1- 


tion once il reaches the ground. After radio- 
active particles are brought to the ground by 
precipitation, they mayor may not stay in 
place. There is a possibility that water run-off 
will create hot spots in some areas while de- 
creasing the activity in other areas. Some of 
the radioactive particles may be leached into 
the ground and, as a result of the attenuation 
by the ground between the particle and the 
ground-air surface, the dose rate above the 
ground will be reduced. 


I 


• 
There are itO data concerning precipita- 


tion effects where the resulting contaminatIOn 
was militarily significant. Also, no compu ter 
model has been developed that can include all of 
the factors described above either on a determin- 
istic or a statistical basis. The results of theoreti- 
cal studies, field simulations, and laboratory ex- 
periments have, however, prO"tided some general 
conclusions concerning the importance of pre- 
cipitation effects. First, contamination resulting 
from precipitation scavenging is ,.Of cl)ns!ilered 
to be a major problem from the standpoint of 
effects on military operations. Second, weapons 
may be separated into three groups according to 
their relative importance with regard to precipi- 
tation effects: 1. weapons in the yield range 
from 1 to 10 kt are most likely to have an effect 
on military operations, if any such effect occurs; 
2. weapons with yields greater than 10 kt and 
less than about 60 kt may have some effect on 
military operations, with the probability of such 
an effect decreasing with increasing yield; 3. 
weapons with yields greater than 60 kt or less 
than 1 kt are not expected to have any effect on 
military operations. The potentia] hazard may 
be reduced by making use of available shelt~r. 
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Chapter 6 


~ 
TRANSIENT-RADIATION EFFECTS ON , 


ELECTRONICS (TREE) PHENOMENA. 


INTRODUCTION _ 


• 
This chapter introduces the subject of 
transient-radiation effects on electronics and 
provides a basic description of the interaction of 
nuclear radiation with matter as it applies to 
electronic components. The response of elec- 
tronics to the radiation from a nuclear weapon 
burst depends not only on the radiation present 
at the electronics but also depends on the spe- 
cific operating state of the electronics at the 
time of the radiation exposure and on the spe- 
cific electronics in the system. A knowledge of 
the individual characteristics of the circuits con- 
tained in an electronics package, of the exact 
eJectronic components used in the circuits, and 
of the specific construction techniques and ma- 
terials. used in making the electronic components 
constitutes the necessary background for deter- 
mining the radiation response of the electronic 
system. This chapter explains how the radiation 
interacts with different materials to produce a 
wide variety of effects. These material effects 
are used in the discussions of the component- 
part responses in Section VII of Chapter 9. Sec- 
tion IV of Chapter 14 contains a brief discussion 
of circuit and electronic-system response supple- 
mented with discussions of general electrical 
responses of classes of systems (radios, radar, 
etc.) . 


• 
The cumbersome name applied to the 
class of effects that are the subject of this chap- 
ter, transient-radiation effects on electronics, is 
generally abbreviated to the acronym TREE. In 
general, TREE means those effects occurring in 


electronics as a result of the transient radiation 
from a nuclear weapon explosion or as a result 
of an environment designed to simulate that 
radiation. It should be understood that the 
transient-radiation from a nuclear explosion can 
be and is simulated by the use of controlled 
sources of steady-state and transient radiation 
since the environment produced can be correlated 


. to the actual environment of interest, and thereby 
the effects on electronics can be studied. 


• 
Although the weapons radiation environ- 


ment lasts for a very short time, its effect on 
electronics can be both short or long term. For 
emphasis, it must be stated that the word tran- 
sient in TREE modifies the word radiation and 
does not modify the word effects: the effects 
may be transient, semipermanent, or permanent. 


• 
The term electronics means anyone or 
all of the following: electronic component parts, 


electro~ic component parts assembled into a cir- 
cuit, and circuits assembled into a system. TREE 
studies also may include the response of electro- 
mechanical components connected to the elec- 
tronics, e.g., gyros, inertial instruments, etc. 
TREE does, however, specifically exclude other 
types of component parts or systems such as 
hydraulic cylinders and hydraulic systems, fuel 
lines and fuel systems, etc. This exclusion is 
made since electronics as a group or as part of a 
hybrid system are one of the most radiation- 
sensitive portions of a system . 
... 
There are several points to be empha- 
si~out TREE. The TREE interest is in the 
environment at the electronics produced by the 


9 


ENVIRONMENT. 


In order to specify the hardness required 
of an electronic system, or to formulate an anal- 
ysis or test program on which its hardness level 
will be established, it is necessary to describe the 
radiation environment to which the electronic 
systems may be exposed. Since the multitude of 
components of this environment leads to confu- 
sion in understanding the variety of mechanisms 
whereby a nuclear explosion can affect the oper- 
ation of electronic systems, the primary outputs 
of a nuclear weapon and the mechanisms where- 
by secondary radiation are generated will be re- 
viewed. In quantifying the environment to 
which the electronics are exposed, it is first 
necessary to treat the primary output of the nu- 
clear explosion, then transport this radiation 
through the atmosphere and generate secondary 
radiations by interaction with the atmosphere. 
At this point, the radiation incident at the sys- 
tem of interest can be quantified. Since most of 
the electronics are enclosed by some structural 
material, there is the additional effect of trans- 
port through such shields, and it becomes neces- 
sary to describe the radiation field as it interacts 
with the affected part. 
_ 
This step-wise description of the radia- 
tion explains the variety of methods and units 
by which the radiation field is described. The 
weapon designer usually describes the output 
from the nuclear explosion-total energy output, 
total number of neutrons emitted, total gamma- 
ray energy, and reaction pulse shape. The person 
who formulates specifications for system design 
usually describes the radiation field as it im- 
pinges on the system, e.g., energy per unit area, 
neutron tluence, gamma exposure, pulse shape 
as affected by radiation transport through inter- 
vening material. Finally, the designer of the indi- 
vidual electronic piece-part or circuit is COI1- 
cerned with describing the radiation in units that 
are convenient for quantifying the radiation ef- 


fect that he has to take into account, e.g., ener- 
gy deposition per unit mass or volume, I-MeV 
equivalent neutron fluence, gamma dose, radia- 
tion pulse shape at the device. 


6-1 
Weapon Output. 


_ 
The weapon radiation output and its 
interaction with the atmosphere will be summar- 
ized in succeeding paragraphs, together with the 
units in which these radiations are usually de- 
scribed. Following this summary, the individual 
radiation effects of concern will be discussed, 
and the appropriate methods of describing the 
radiation at the affected parts or circuits will be 
described for each type of effect. 
.... The majority of the energy released 
in-rwear explosion heats the material of 
which the nuclear device was composed, to tem- 
peratures of tens and hundreds of millions of 
degrees. A smaller fraction (0.1 to 10%) escapes 
promptly in the form of fast neutrons and 
prompt gamma rays (see Chapters 4 and 5). The 
intense thermal source radiates most of its ener- 
gy in the form of X-rays. If the explosion occurs 
in a vacuum, or, if the weapon is a "hot" X-ray 
device (see Section II, Chapter 4) that explodes 
in relatively thin atmosphere, these X-rays can 
produce important TREE effects. Depending up- 
on the specific temperature of the source, the 
X-rays have energies varying from a few to a few 
hundred kilovolts. One method by which the 
energy spectrum from such a SOurce is frequent- 
ly described is by specifying the temperature of 
a black body which would emit a spectrum that 
approximates the observed X-ray spectrum 
(Chapter 4). It should be noted that even though 
the temperature is usually specified as a number 
in units of keV (kilo-electron-Volts), this unit 
describes a spectrum of photon energies extend- 
. .. . . -. . 
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• 
initial nuclear radiation (Le., that radiation emit- 
though the radiation persists only for a short 
ted within I minute following the burst) Which'~ 
in turn, consists of both prompt and delayed 
Examples of system responses to 
radiation. The weapon-burst radiations of inter- 
RE 
an their consequences are given below. 
est are neutrons, gamma rays, X-rays, and to a 
These examples represent only a small sample 
much less extent, electrons. The effects of inter- 
and are not necessarily representative of present 
est are both temporary and permanent even 
day problems. 


Effect in System Due to Temporary 
Disturbances of the Electronics 


Change in logic state in missile-borne guidance 
computer 


Spurious (ill-timed) fuzing signal 


Excess currents in transistors and capacitors in 
servo control loop 


Excess currents in memory write circuits 


Microcircuit latchup following ionization pulse 


Effect in System Due to Permanent 
Degradation of the Electron ics 


Neutron-induced loss of gain in lower-frequency 
transistors 


Delamination of semiconductor wire bonds due 
to thermomechanical shock 


Neutron-induced loss of gain in higher-frequency 
transistor structures 


Metallization burnout due to excess ionization- 
induced currents 


Typical Consequence 


Program jump or disturbance of key data causing 
mission failure 


Warhead dudding or premature detonation 


Excessive steering maneuvers causing structural 
instability 


Writing erroneous data in memory, usually caus- 
ing mission failure 


Functional disabling of microcircuit until power 
is cycled off and on 


Typical Consequence 


Loss of power supply regulation; dt"~reased servo- 
loop gain 


Functional failure of the affected device, usually 
leading to mission failure 


Decreased fan-out capability in computer logic 


Functional failure of affected device, usually 
causing mission failure 


from the nuclear explosion, a residue of 
hot and radioactive debris remains. Some of)ts 
energy continues to be irradiated as therrnal 
energy in the ultra violet and visual regions of 
the spectrum. Subsequent radioactive decay of 
the debris produces lower intensity gamma rays 
as well as emitting high energy electrons. These 
electrons are particularly important for high alti- 
tude nuclear detonations, which may inject the 
electrons into orbits trapped by the earth's mag- 
netic field. These electrons are of particular con- 
cern to space vehicles whose orbits intercept the 
earth's radiation belts, because continued expo- 
sure to the electrons can cause significant perma- 
W 
egradation. 


If the explosion occurs within or near 
t e atmosphere, the prompt radiations interact 
with the constituents of the atmosphere, pro- 
ducing secondary effects. The X-rays are absorb- 
ed most strongly and, depending upon altitude, 
the air is heated by the interaction to produce 
an intense thermal source and a blast wave in the 
air (Chapters I through 4). The gamma rays 
interact to produce secondary electrons. In CO]1- 
cert with the earth's magnetic field and/or in- 
homogeneities, such as the surface of the earth, 
these electrons create a radiating electromag- 
netic pulse (EMP) (Chapter 7). The neutrons 
interact with the atmosphere to produce second- 
ary gamma rays (Chapter 5). 


6-2 
Time Considerations • 
... The general time frame for the arrival of 
t~rious radiation components at the elec- 
tronics package is sometimes important. In gen- 
eral, for the purposes of electronic vulnerability, 
the prompt gamma radiation can be considered 
as a single pulse. Since the flight time for X-rays 
and gamma ray's of all energies equals the speed 
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of light, unscattered photons arrive at the equip- 
ment with the same time distribution they had 
at the source, with a time delay of 3.33 Slsec/km 
from the weapon burst. The arrival of the gam~ 
rna pulse approximately coincides with the un- 
scattered prompt X~rays. 
_ 
The neutrons arrive after the initiation 
o,-w gamma- and X-radiation. Their arrival 
time depends on the neutron energy and the 
range to the receiver. The first neutrons to arrive 
wil1 be the un scattered 14-MeV neutrons. Their 
time of flight is 19.3 Slsecjkm, therefore, they 
will arrive 16 Slsec/km after photon arrival. The 
photons resulting from neutron inelastic- 
scattering (Chapter 5) will also begin to arrive at 
about this time. Within 32.8 Ilsec/km (the arrival 
time after photon arrival for 4-MeV neutrons), 
the photons resulting from neutron inelastic- 
scattering will be completed, since the inelastic- 
scatter contribution is negligible for lower ener- 
gy neutrons. Within 69.0 Ilsec/km, the bulk of 
the unscattered I-Me V neutrons will have been 
deposited. The photons resulting from neutron 
capture (or thermahzation) typically will peak 
shortly after the arrival of the I-MeV neutrons 
depending on the system configuration being 
studied. Both the thermalization time and the 
capture time following thenhalization depend 
strongly on the interacting materials and the 
system configuration. The radiation of interest 
to TREE is complete in less than 1 minute. 


6-3 
Description of Radiation Fields II 
~ 
A complete description of the radiation 


fi~oduced at the system should include the 
time dependence, angular distribution, and ener- 
gy' spectrum of each of the components. Of 
course, this should be done for a wide variety of 
conditions to cover all possible interaction sce- 
narios. In practice, it is not necessary to be so 
thorough, and the following approximations are 
usually made: 


• A worst case radiation environment is spe- 


• 
dfied and the objective is to have the sys- 
tem tolerate all combinations of environ- 
ments that are less stringent than the spec- 
ification. 


• The incident radiation is assumed to be 
unidirectional. This is usually the worst 
case angular distribution, and it represents 
a reasonable approximation to reality. 


• Where possible, the individual radiation 
fields are specified in units that facilitate 
conversion to those units that are conve- 
nient for describing the effect . 
.. 
For example, it is possible to specify the 


ti~ependent neutron energy spectrum inci- 
dent on the system. Since the time dependence 
of arrival of unscattered neutrons is correlated 
with neutron energy, as discussed above, specify- 
ing the neutron energy spectrum, and the range 
of distances between nuclear explosion and the 
irradiated system, also is equivalent to specifying 
the time dependence. Finally, if the only effect 
of interest is permanent neutron-induced dis- 
placement effects, the spectrum can be replaced 
by a single quantity such as the I-Me V damage 
equivalent neutron fluence. The meaning of these 
units and the method of calculating them will 
be discussed in following paragraphs. It must be 
emphasized, how~ver, that such convei1ient units 
are intended for simplification only. They are 
useful only if the assumptions underlying their 
usc arc valid. In the foregoing example, specifying 
only the I-MeV damage equivalent neutron Ou- 
ence is useless for determining the magnitude of 
neutron-induced ionization effects quantitatively. 
.... 
The degree to which such sirnplifica- 
~e 
used depends in large measure upon 
the simplicity of the interaction of the incident 
radiation with the target materials. A particu- 
larly simple case is the description of the 
gamma-ray environment. High energy gamma 
rays suffer negligible attenuation in passing 
through significant quantities of material, and 
they interact with matter to produce approxi- 


mately the same energy deposition, independeJ1t 
of atomic composition of the target. Therefore, 
it has been possible to describe the gamma ray 
environment fairly simply and this has frequent- 
ly led to carelessness. A more complicated situa- 
tion, in which carelessness cannot be tolerated, 
is represented by the X-ray interactions. X-rays 
of energies of tens to a few hundred kilovolts are 
attenuated significantly even by thin missile 
skins and electronic subsystem boxes, and the 
energy deposition produced by such X-rays is a 
strong function of the atomic number of the 
target material. For this reason, it is invariably 
necessary to specify not only the total X-ray 
energy fluence incident on the system (usually 
given in calories/cm2 ), its pulse width (usually 
given in nanoseconds), but also a range of pos- 
sible energy spectra (sometimes given as explicit 
spectra, and at other times specified by a range 
of characteristic black body temperatures). The 
relating of such an exposure to the intensity of 
the radiation present at the affected area, such 
as the junction region of a transistor, requires 
detailed and specific calculations of the trans- 
port of the spectrum through the intervening 
material and the resultant energy deposition in 
the affected volume. 


• 
The transport of the various radiation' 
components to the site of the equipment of in- 
terest is discussed in Chapters 4 and 5. It is of 
value, however, to note that typical electronic 
packaging materials will not produce significant 
attenuation of the neutron and gamma ray com- 
ponents of the environment. They do represent 
significan t shields of X-rays, particularly if high- 
Z materials are used for electronic envelopes. 
Only the higher energy photons penetrate to the 
electronics of interest. Since the lower energy 
photons produce the highest energy deposition 
per unit volume when they interact, such shield- 
ing is especially useful because it removes prefer- 
entially that portion of the photon energy spec- 
trum that would be most damaging if it were 
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• 
allowed to penetrate to the sensitive devices. 
This fact reinforces the observation that is neces- 
sary to specify both the X-ray energy fluence 
and its spectrum outside and inside the shield. 
Indicating only the energy-fluence attenuation 
factor of a shield would ignore the fact that re- 
maining photons are less effective in producing 
damage. 


• 
INTERACTIONS BASIC TO TREE _ 


6-4 Ionization. 


_ 
Ionization is that process by which elec- 
tFons are freed from their parent atoms in a ma- 
terial. A free electron carries a negative charge. 
After losing an electron, the atom (then called 
an ion) carries a net positive charge. Thus, the 
process of ionization results in the formation of 
electron-ion pairs in a material. If none of the 
electrons or ions leave the material, the material 
remains electrically neutral, since the positive 
and negative charges balance one another. Never- 
theless, characteristics of the material may be 
altered considerably by ionization. The number 
of electron-ion pairs formed and their subse- 
quent behavior are of prime interest in determin- 
ing the effects of ionization. 


• 
Gamma rays interact with matter in three ;' 


ways. The first is called the Compton effect. In 
this type of interaction, a gamma ray (primary 
photon) collides with an electron, and some of 
its energy is transferred to the electron (see Fig- 
ure 6-1 a). A secondary photon, with less energy, 
is created and departs in a direction at an angle 
to the direction of motion of the primary pho- 
ton. The second type of interaction of gamma 
rays with matter is the photoelectric effect (see 
Figure 6-1 b). A gamma ray, with energy some- 
what greater than the binding energy of an elec- 
tron in an atom, transfers all its energy to the 
electron, which is consequently ejected from the 
atom. Since the photon involved in the photo- 
electric effect transfers all of its energy, it ceases 
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to exist and is said to be absorbed. The third 
type of interaction is pair production (see Fig- 
ure 6-1c). When a gamma ray photon with en- 
ergy in excess of 1.02 MeV passes near the nu- 
cleus of an atom, the photon may be converted 
into matter with the fonnation of a pair of elec- 
trons, equally but oppositely charged. The posi- 
tive electron soon annihilates with a negative 
electron to fonn two photons, each having an 
energy of at least 0.51 MeV. In some cases, if 
the interaction takes place near the nucleus of 
a heavy atom, only one photon of about 1.02 
MeV energy may be created. 
• 
• 
Any photon (e.g., an X-ray or a gam'ma 
ray) can produce ionization in a material by 
these processes of creating secondary electrons 
that deposit their kinetic energy by ionizing the 
medium in which they are created. The relative 
importance or frequency with which each pro- 
cess occurs depends upon the photon energy and 
the characteristics of the material. The Compton 
process is the dominant ionization mechanism 
for most gamma rays of interest, particularly in 
electronic materials such as silicon, of which 
mlln solid-state devices are fabricated. 
Fast neutrons can produce ionization 
in lrectly. As neutrons undergo inelastic scatter- 
ing and capture in a material (see Section I, 
Chapter 5), gamma rays that are emitted can 
cause ionization. In addition, collision of a neu- 
tron with an atom may impart sufficient energy 
to the atom for it to cause ionization. Only high- 
energy neutrons (E > I MeV) contribute signifi- 
cantly to ionization. The 14-Me V neutrons aris- 
ing from fusion reactions in a weapon are partic- 
ularly important. 


• 
The types of radiation that cause ioniza- 
tion III materials - 
namely, gamma rays, elec- 
trons, X-rays, and, to a lesser extent, fast neu- 
trons - are known collectively as ionizing radia- 
tion . 
.. 
Once created by the ionization processes 


(e~ primary or secondary), the charged par- 
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Figure 6-1. _ 
Gamma Ray Interaction with Matter II 
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• 
ticles (electrons or ions) are free to move in a 
material, scattering frequently and following a 
random-walk pattern. If the concentration of 
electric charge carriers throughout the material 
is not uniform, and if no externally applied elec- 
tric field is present, the carriers will move from 
regions of high concentration to regions of low 
concentration. This movement is known as dif- 
fusion and it would be superimposed on the nor- 
mal random-movement. If an electric field is pres- 
ent (e.g., as a result of an intentionally applied 
voltage), the carriers drift in the electric field 
while they undergo a predominantly random 
scattering. If impurities are present in the ma- 
terial (as they always are in solid-state devices, 
such as transistors and diodes), carriers may be 
captured (trapped) and immobilized by impurity 
atoms (traps). Eventually, the trapped carriers 
will be annihilated by their mates (oppositely- 
charged carriers) in a process called recombina- 
tion. The net result of these processes is that the 
carriers diffuse and/or drift until they are trap- 
ped and usually recombined. 


6-5 
DisPlacement. 


• 
As described above, ionization involves 
the movement of electrically charged electrons 
and ions in a material. Displacement involves the 
movement of atoms (which are electrically neu- 


tr~ 
_ 
Any material may be described as being 
either crystalline or amorphous. The atoms of a 
crystalline material (a crystal) are arranged in a 
definite, repeated, three-dimensional pattern 
called a lattice: the atoms of an amorphous ma- 
terial have no definite arrangement. Displace- 
ment is an important phenomenon in crystalline 
materials, and it is a very important phenome- 
non in TREE because many electronic devices 
(e.g., transistors, diodes, integrated circuits) are 
constructed from crystalline semiconductors - 
primarily silicon and germanium. Lattice defects 
result from the displacement of atoms from their 
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usual sites in crystal lattices. The simplest lattice 
defects are extra atoms inserted between lattice 
positions (interstitials) and unoccupied lattice 
positions (vacancies). At least part of the resul- 
tant damage to the material is stable and accounts 
for permanent property changes of irradiated 
crystalline materials. 
_The production of displacement damage 
in a crystalline solid is a complex process. An 
abbreviated history of this process follows. 
(I) Radiation of an appropriate form enters 
the material, interacts with a lattice atom, 
and imparts to it a certain energy. 
(2) The target (recoil) atom leaves its lattice 
site, thus creating a vacancy, and collides 
with other lattice atoms (see Figure 6-2). 


(3) Other atoms are displaced from their 
sites, creating more vacancies. 


(4) Eventually, most recoil atoms come to 
rest in interstitial positions, while a few 
fall into vacancies. Some of the intersti- 
tials and vacancies may be isolated, but 
most of them will be associated with 
other defects in cluster formations . 
(5) The simple defects and defect clusters 
migrate through the crystal. 
(6) Eventually. the mobile defects are annihi- 
lated by recombination of vacancy- 
interstitial pairs, are immobilized by the 
formation of stable defect clusters with 
other impurities of lattice ddects (either 
present in the original material or created 
by the irradiation), or escape to a free 
surface. 
(7) Meanwhile, the physical properties of the 
material are changed by the presence of 


• 


the defects. 
Fast neutrons are very effective in pro- 
ducing displacement damage. Energetic electrons 
can also produce displacement damage: however, 
their displacement effects are negligible com- 
pared to those of fast neutrons. 


Vacancy 


Path of fast neutron-~ 
Recoil atom comes to 
rest in interstitial position 


Environmental Parameter: 
Fast-neutron flux: 
Fast-neutron Fluence: 


Figure 6-2. _ 
Displacement Damage in a Crystalline Solid 11 


• 
The absolute magnitude of damage in a 
material caused by neutrons is difficult to pre- 
dict because some of the defects that are pro- 
duced will effectively disappear at room tem- 
perature, that is, anneal. However, much useful 
information can be gained from the relative 
value of the concentration of defects produced 
before annealing. Assuming the same fraction 
anneals, the relative concentration of stable de- 
fects would be in the same ratio. It has been 
found that the number of unannealed defects 
that are generated depends on the energy of the 
impinging neutron. The number of unannealed 
defects generated by a I4-MeV neutron (one 
from a fusion weapon) is about 2.5 times the 
number of unannealed defects generated by a 
I-MeV neutron (roughly the average energy for a 
neutron from a fission weapon). As will be dis- 
cussed below, the number of defects generated 
in semiconductor materials is directly related to 
tile ange in semiconductor device parameters. 
Not all of the defects produced in the 
disp acement process are stable. Some defects 
are annihilated by recom bina tion of vacancy- 
interstitial pairs, some combine with pre-existing 
lattice defects, and some eventually escape to a 


free surface of the material. The stable defects 
contribute to the permanent damage of the ma- 
terial. The unstable defects are said to disappear, 
or anneal, with time. In practice, this means that 
the degree of displacement damage in a crystal- 
line semiconductor varies with time, reaching a 
peak rapidly and then partially annealing with 
time. The temperature of the material exerts a 
considerable influence on the amount of anneal- 
ing that takes place. More annealing is observed 
at. 
Ie ated temperatures. 
Annealing may be divided roughly into 
two time frames. Rapid, or short term, annealing 
occurs in times of the order of hundredths of a 
second. Long term annealing continues at 'a 
slower rate for times of the order of tens of 
seconds (see Figure 6-3). If the temperature re- 
mains constant, annealing will be essentially 
complete after one-half hour. The ratio of the 
damage observed at early times (number of de- 
fects present) to the damage after a very long 
time is called the annealing factor, which is a 
function of the time of measurement and other 
parameters. The maximum damage created at 
short times following the fast-neutron burst fre- 
quently is important to electron-system perfor- 
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• 
mance. Therefore, the maximum annealing fac- 
tor is an important quantity, because it indicates 
the peak damage that must be tolerated above 
the permanent damage in the steady state. 
Values of the annealing factor depend on the 
temperature and on the electrical condition of 
the material. An annealing factor of three is 
commonly used for room temperature at --10 
msec. Larger factors have been observed at shorter 
times, or low injection conditions (e.g., cut-off 
transistors ). 


anneal 


Long-term anneal 
Sta ble defects 
(permanent damage) 
--------- 


Time 


Environmenta I Parameters: 
Fast-neutron flux: 
Fast-neutron Ftuence: 


Figure 6-3 .• 
Annealing Due to Vacancy- 


tnterstitial Recombination and Escape of 


Defects from Semiconductor • 


6-6 
Heating • 
11 Whenever a material absorbs energy 
from its surroundings and cannot instantaneous- 
ly dissipate that energy, the temperature of the 
material will rise, Le., the material will be heat- 
ed. The temperature will return to ambient at a 
rate determined by the efficiency with which 
the material can dissipate heat to its surround- 
ings. If the energy deposition is great, and the 
mechanisms for heat dissipation are inadequate, 
the temperature rise will be significant and will 
Pllr' for a considerable time (see Figure 6 ... 4). 
X-rays are the primary contributors to 
hea lng. Therefore, the relevant environmental 
parameters are the X-ray dose rate, and the 
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X-ray dose. Predictions of the X-ray environ- 
ment from nuclear weapon bursts and the X-ray 
absorption mechanisms are discussed in Chapter 
4. Responses of electronic components to ,heat- 
ing are discussed in Section VII, Chapter 9. 
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Figure 6-4. • 
Heating 11 


MANIF~TIONS OF TREE 


IN MATERIALS _ 


6-7 
Ionization Effects • 


• 
The important manifestations of ioniza- 


tion Include ( I) charge transfers, (2) bulk- 
conductivity increases, (3) excess minority- 
carrier generation, (4) charge trapping, and (5) 
C.ical effects. 
Charge transfer results from the escape 
of some electrons produced during ionization 
from the surface of the material being ionized. If 
the net flow of electrons is out of the materiaL, 
the material will be left with a net positive 
charge. If these electrons are stopped in an adja- 
cent material, a transfer of charge will have 
occurred from one material to the other, and a 
difference of potential (or voltage) will exist be- 
tween the two materials. 


_The transfer of charge from one material 
to another can have a number of effects. The 
most obvious one is that a current will flow 
through any electrical circuit connecting the two 
rna terials to restore charge neutrality. The 
charge will produce electric and magnetic fields 
during transit. If there is matter in the gap be- 
tween the materials, the charge transfer also will 
produce ionization and conduction in response 
to local electrical fields. Finally, if the charge 
either originates or embeds itself in an insulator, 
a long-lived local space charge may result. 
Charge transfer, therefore, may result in either a 
te.orary or a semipermanent effect. 
The free carriers produced during ioniza- 


tion respond to an applied electric field by pro- 
ducing a net drift current. This is precisely the 
mechanism by which a material conducts elec- 
tricity. Therefore, ionization induces a transient 
increase in conductivity. An example of a detri- 
mental effect to the operation of electronic 
equipment resulting from an increase in bulk 
conductivity occurs in a capacitor exposed to a 
weapon burst environment. The ability of a ca- 
pacitor to retain, or restore, electrical charge is 
dependent upon the Jaw conductivity of the di- 
electric, or insulating material, that is contained 
within the capacitor. In an ionizing environment 
the increase in bulk conductivity results in a de- 
crease of stored charge in the capacitor. 
til ~he ion~zation effect ~f excess min?rity 


earners IS a pnme concern In many semicon- 
ductors and is usually the most important mani- 
festation of TREE. Semiconductor devices, such 
as transistors and diodes, employ both positive 
and negative charge carriers, either of which may 
be in the minority with respect to concentra- 
tion. The characteristics of many such devices 
depend strongly upon the instantaneous concen- 
tration of minority carriers in various regions of 
the device. Since ionizing radiation creates large 
(and equal) numbers of positive and negative 
charge carriers, the concentration of minority 


carriers in the device is temporarily enhanced by 
a large percentage, and the electrical operation 
of the device may be affected adversely. The 
most familiar example of this effect is the cur- 
rent flow across a reverse-biased PN junction, 
such as those that are found in a diode or the 
base-collector junction of a transistor (see Sec- 
tion VII, Chapter 9). 


• 
When free carriers are created in insulat- 
ing materials, and are trapped at impurity sites, 
many may not undergo recombination with 
their mates, which may be trapped elsewhere. In 
these cases, the material properties may be alter- 
ed semipermanently, even though there is no net 
charge in the material. This ionization effect is 
known as charge trapping. 
II Trapped charge can change the optical 
properties of materials (e.g., F centers in alkali 
ha.lides, coloration of glasses). The trapped car- 
riers may be released thermally, either at the 
irradiation temperature or by elevating the tem- 
perature. In either case the resultant creation of 
some free carriers is manifested by an increase in 
conductivity and sometimes by the emission of 


li~ 
.. 
The chemical effects of ionization occur 
dunng the processes of trapping and recombina- 
tion when sufficient energy is available to dis- 
rupt chemical bonds. At the completion of the 
ionization cycle (Le., after recombination is 
complete), the material may return to electrical 
inactivity, but its chemical composition may be 
altered permanently. The resulting chemical 
changes may be manifested as permanent 
changes in physical and/or electrical properties 
of the material. The radiation dose required to 
cause such effects is larger than normally will be 
encountered; therefore, the effect will not be 
discussed further. 


• 
Since ionization effects do not occur 


an~r recover in the same time period, the time 
domain for their occurrence and recovery must 
be considered. There are three categories of time 


·- 
dlendence - 
prompt, delayed, and long term. 
Prompt effects are those in which the 
wi 
of the ionization pulse is longer than the 
times required for atoms or electrons within the 
material being exposed to make a specified 
amount of recovery. The magnitude of the ef- 
fect is a function of the density of the positive 
and negative particles created during the ioniza- 
tion, which in turn is a function of the dose rate. 
Examples of prompt effects are charge transfer 
and prompt bulk-conductivity increases in insu- 
lating and semiconductor materials. 
til Delayed effects are those in which the 
wi~ 
of the ionization pulse is shorter than the 
times required for atoms or electrons within the 
material being exposed to make a specified 
amount of recovery. The initial response of the 
material or device is a function of dose, and its 
persistence is determined by the length of the 
specified recovery time. An example of this ef- 
fect is delayed bulk conductivity of insulator 
materials. In this p~rticular example the recov- 
ery times for the prompt and delayed effects are 
based on different mechanisms of carrier genera- 
tion (ionization induced or thermal trapping) 
and, hence, they have very different time 
periods. 
.. 
Long-term effects are those which per- 
sis~ periods longer than minutes. These ef- 
fects can be, but are not necessarily, permanent. 
Recovery may be so slow that it takes days, 
months, or years for apparent complete recov- 
ery. Examples of long-term effects are some 
cases of trapped charge and chemical effects. 
.. 
An important point, emphasized here, is 


thra general class of materials or devices (plas- 
tics, transistors, etc.) could be both dose and 
dose-rate sensitive with respect to the ionization 
e.ts observed. 
It has been established that, with the ex- 
ceptIOn of charge transfer, the magnitude of the 
ionization effects is primarily a function of the 
total concentration of thermalized charge car- 


riers (electrons and holes). These carriers are 
generated at a rate proportional to the instan- 
taneous ionizatiop energy deposition and inde- 
pendent of the nature of the radiation producing 
that energy deposition. Therefore, it is appropri- 
ate to use units that quantify the energy deposi- 
tion in the material of interest when describing 
the radiation field at the responding device. 
Such units include ergs/gram (material), rads 
(material), and calories/gram (material). Since 
these are descriptions of energy deposition in a 
given material, they are called units of dose. The 
time dependence of energy deposition can be 
specified by these same units per second, and are 
called dose rate. 
.. 
Unfortunately, the magnitude of charge 


tr~r depends not only on the energy deposi- 
tion but the spectrum of the secondary elec- 
trons. Therefore, quantitative evaluations of 
systems in which charge transfer represents a sig- 
nificant vulnerability mode must use a more 
complex characterization of the spectrum of the 
incident photons, together with a calculation of 
the photon interactions, to produce the spec- 
trum of secondary electrons. 
• 
In some materials, particularly insu- 


lators, the ionization effects are also a weak 
function of the microscopic concentration of 
the ionization around individual particle tracks. 
For example, neutron-induced ionization cre- 
ated by intensively ionizing recoil atom may be 
less effective in producing conductivity in an in- 
sulator than the same dose or dose rate imparted 
by lightly ionizing gamma rays. Units for de- 
scribing this process include specific ionization 
(ratios of ionization to the minimum level of 
ionization at high velocities of a singly charged 
particle), and linear energy transfer (MeV/cm or 
MeV cm2/gram). Fortunately, these effects are 
of second order importance for most TREE ap- 
plications. A specification of dose rate and dose 
uate in the majority of applications. 
The gamma-ray field incident on a 


system IS frequently described by its exposure 
measure in roentgens. The roentgen is deter- 
mined by specifying the energy deposition in a 
standard material (dry air under standard tem- 
perature and pressure conditions). For high ener- 
gy gamma rays that interact primarily via the 
Compton process, exposure of almost any ma- 
terial to one roentgen of gamma rays produce 
(within 20%) approximately One rad of energy 
deposition in any material. This factor has en- 
abled the users of these units to become some- 
what careless, without serious consequence~ so 
long as only high-energy photons are of interest. 
However, these relations do not carry over into 
photons of lower energies (200 ki1ovolts or less 
in medium atomic-number materials) and careful 
treatment of the units is required. One way of 
minimizing the chances of misinterpretation is 
to use units of calories! cm 2 with a defined spec- 
trum for external exposure and units of cal/gram 
(material) for dose. 


6-8 
Displacement Effects II 
III 
The displacement effects of prime con- 
cern to TREE are those generated in semicon- 
ductor materials. The lattice damage resulting 
from displacemen t degrades the electrical char- 
acteristics of semiconductor devices by increas- 
ing the number of trapping, scattering, and 
recombination centers. The effect of displace- 
ment in semiconductors is, therefore, threefold: 
(I) the trapping centers remove charge carriers 
from the electrical conduction process (reduces 
electrical current flow), (2) the additional scat .. 
tering centers reduce the capability of the charge 
carriers to move through the semiconductor 
material (reduces charge-carrier mobility), and 
(3) the recombination centers reduce the time 
that the minority charge carriers are available for 
electrica1 conduction (reduces the lifetime of the 
minority-charge carriers). This last effect is most 
important for prediction of semiconductor de- 
vice performance in radiation environmen ts that 
cause displacement. The decrease in minority- 


carrier lifetime (T) is predicted according to the 
relationship 


1 
1 
-=-+ Kcp, 
T'P 
1'0 


where 


T cp = minority-carrier lifetime at fluence 


I{J in seconds, 


T = initial minority-carrier lifetime in seconds 
o 


K = lifetime damage constant, cm2/(neutron • 


second) 


cp = total fast-neutron fluence, neutrons/cm2 .. 
II 
Typical values for T in device materials 
of interest are 10-8 to lO·R seconds. The value 
of the lifetime damage constant, K, is dependent 
on the type of material, the type and amount of 
impurities in the material) the operating voltage 
applied to the material, the temperature, the 
energy spectrum of incident neutrons, and, be- 
cause of defect annealing, the time after the 
nuclear radiation is incident on the material. A 
general value for silicon, the prime material used 
in transistors, diodes, and integrated circuits, is 
K ~ 1 x 10-6 cm2/(n • sec). 


• 
To illustrate the magnitude of displace- 
ment effects that occur in semiconductors com- 
pared to those that occur in other materials, a 
comparison of neutron fluences that will cause 
significant effects is made in the following para- 
graph. Interest is focused only on those property 
changes that affect the normal use of the ma- 
terials being compared. 


_ 
Semiconductor lifetime can begin to 
show significant effects in devices at a fluence of 
lOll n/cm2 (Pu, fission)* and by 1016 n/cm2 


*Accurate neutron dosimetry requires that the foil used for mak- 
ing the neutron measurement and the energy spectrum of the 
neutrons be specified with the value measured. Therefore~ in the 
example presented here, lOll neutrons per square centimeter 
were detected with a plutonium foil and the energy spectrum of 
the neutrons was a nominal fission spectrum. 
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- 
(Pu, fission) the lifetime in most semiconductor 
devices is so short that the device is no longer 
useful. Metals such as nickel and copper start to 
show effects in material strength at a fluence of 
1018 n/cm2 (Pu, fission). As a general rule, the 
electrical properties will not start to change in 
structural materials until the material properties 
change. Glasses and ceramics are much less sus- 
ceptible to neutron damage than semiconduc- 
tors, but they are more susceptible than metals. 
The point that is emphasized is that semiconduc- 
tors are among the devices that are most sus- 
celiible to displacement effects. 
It is frequently desirable to express neu- 


tron e fects data observed by different experi- 
menters using different neutron-energy spectra 
in terms of an equivalence fluence unit in addi- 
tion to the measured flux and fluence units. This 
permits easy comparison of damage levels ob- 
tained from different neutron test facilities. 
Since silicon is the material of most interest to 
displacement effects, the equivalence is usually 
based upon damage in silicon. The energy spec- 
trum typically used as a standard for comparison 
is a hypothetical I-MeV monoenergetic neutron 
source. The damage caused by the neutrons (of 
some known spectrum) is compared to the dam- 
age done by the neutron spectrum which is used 
as a standard. The neutron fluence of the stan- 
dard which would cause 'the same damage in the 
given material as observed for the known spec- 
trum is then specified as the damage equivalent 
fluence for that material. An example of this 
equivalence unit for I-MeV neutrons standard 
spectrum and silicon material is: 1013 n/cm2 
(I-Me V damage equivalence in silicon). The pro- 
cedures for obtaining a 1-MeV equivalent flu- 
ence for any known neutron spectrum are speci- 
fied in the TREE Handbook (see bibliography). 
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Heating Effects III 
-The radiation environment, espe- 
~-rays, 
produced by nuclear weapons 


can deposit considerable energy in electronic 
materials. The energy deposited is sufficient to 
heat some materials to such an extent as to cause 
partial melting, and it is sufficient to change elec- 
trical properties in other materials. These temper- 
ature transients may last from fractions of a sec- 
ond to minutes. If the energy is deposited in the 
material in a very short time (deposition time is 
typically 10-8 seconds for a nuclear weapon) an 
additional effect is observed; the material is 
heated very rapidly but does not have time to 
expand. The result is the instantaneous creation 
of a shock wave, or pressure pulse, which tends 
to compress the material. This compressJon wave 
starts at the point of energy absorption, typical- 
ly close to the material's front surface upon 
which the incident energy impinges, and quickly 
propagates to the back surface. When it reaches 
the back surface, it is reflected, becomes a ten- 
sion wave, and propagates toward the front sur- 
face. For energy deposition of sufficient magni- 
tude delivered in a sufficiently short interval, the 
tension wave can be intense enough to exceed 
the strength of the materiaL Several consequences 
are possible. 
(1) Portions of the material may be removed 
from the back surface - 
spallation (see 
Figure 6-5). 
(2) Fragments of the material may separate 
from the front surface - blowoff. 
(3) The material may separate between front 
and back surfaces - delamination. 
(4) Agglomerates or layers of dissimilar ma- 


terials bonded together will tend to sep- 
arate at the interfaces - 
also called de- 


lamination. 
(5) In brittle crystalline materials (e.g .. Si or 
Ge), crystal fracture can occur. 


Generally, ef(ect!\. of this nature are referred to 
..... " ....... ". 
as thermOM8iAloHW shock effects. Obviously. the 
consequences of these effects can be catastroph- 
ic. An example important to transistors and inte- 
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Thermomechanical Shock Effects II 


grated circuits is the delamination of the elec- 
trical contacts to the semiconductor chip, result- 
ing in complete loss of the device function. The 
thermomechanical-effect damage threshold is 
difficult to determine. It depends not only on 
the energy deposition and energy spectrum but 


also on the thickness of the materials, the com- 


pressibility, the expansion coefficient, and the 
dynamic strength of the materials. Thermo- 


mechanical effects on materials are discussed in 


more detail in Section VII of Chapter 9. 


• 
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Chapter 7 


ELECTROMAGNETIC PULSE (EMP) PHENOMENA • 


.. The l111ckar electromagnetic pulse 
(E~is the time-varying electromagnetic radia- 
tion resulting from a nuclear burst. It has aver) 
bro:ld frequency sPectrum. ranging from ne:u d.:- 
to..iiteraJ hundred !\1Hz. 
_ 
The generation of E:\fP from a nuckar 
detonation \\a5 predicted ewn before the initial 
tc'St. but the: extent and p(1tcntiall~ serious de- 
gr:.:,' vf E\IP effects were not realized for man\ 
years. Attention slowly began to focus on EMP 


a~ a probable cause of malfunction of eJe('tronic 
equipment during the early 1950s. Induced cur- 
r,,))!:> ;.md yoJt3ge5 .:aus;:od Ulwxpected equipment 


failme~ durin.,: nllck:.Jr test:;. and subsequ::lli 


~ll1:lly:;i~ di"L'lo~C'd th2 rok of E\lP in such fail- 
Llr;;>S. Fin:.Jlly in I \.)(iO tile possibk \"L1Jller:.Jbilit~ 
of hardened weapon systems to E,\1P \\a~ orn- 


ciall~ recognizeJ. Il1\.'reased knowkdge of th;;> 
electric and magnetic field:; beca!11J desirabk for 
both \\e;Jpons di3gnostks and long-range det;.'c- 
tio:] of l1u.:kar detonations. For all these reasons 
a more thorough im'es.tigation or E\lP W3~ 
und\?r1 :.JKen . 


• 
Theoreti~'JJ and experim;'>111al efforts 
were exp:ll1ded to study and obsenc E\IP phe- 
nomenology and to dcyelop appropriate deserip- 
tive mod;.'ls. A limited amollnt of d~ltJ lpd b(,t.'11 
gathered on the plwlOmenon :.Jnd its -threat to 
militJry systems when all aboveground testing 
was halted in 196.:. From this time reliance has 
been placed on underground testing. analysis of 
existing atmospheri( test data. and nonnuclear 
simulation for experimental knowledge. Extend- 
ed efforts have been :r:nade to improve theoreti-, 
cal models and to develop associated computer 
codes for predictive studies. At the same time. 
efforts to develop simulators capable of produc- 


~G!.d 1twJ·"'" 
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ing threat-level pulses for system coupling and 
re.1se studies have been expanded. 
This chapter describes the E\1P genera- 


tion mechanism and tht' resulting em'ironment 
for various burst regimes. The description i E 
largely qt13litatiw. since th;;> compkxity of tiL; 
calculations requires that hea\"y r"iiJl)L'e b.: 
placed 011 l'omputer code cakulations for spe- 
cifk probh.'ms. Some results of (Omputd cod~' 
calculations arc' presenteu. but generJliz;ltion of 
these results is beyond the s\.'ope of this d1JPk'r. 


~lore (ompkte treatmel1b of til.: E\1P phenome- 
na Imy be found in tn;;> "D"\A E\lP IEJectro- 
magn.:tk Pulse) Handbord, (t")" Isec' biblio- 
graphy I. 


, 
ENVIRON~T - GENERAL 
D SCRIPTION. 


7·' Weapon Gamma Radiation II 
_he gamma radiation output from a nu- 


clear Durst initiates the processes that shape the 
development of an electromagnetic pUlse. The 
gamma radiation components important in EMP 
generation are the prompt. air ineJastlL-. and iso- 
meric gammas I see Chapter 5 J. Brietly. the 
prompt gammas arise from the fission or fusion 


n~actions taking place in the bomb and from the 
inelastic collisions of neutrons with the weapon 
materials. The fraction of the total weapon en- 
ergy that may be contained in the prompt gam- 
mas will vary nominally from about 0.1 rj( for 
high yield weapon~ to about O.SJC for low yield 
weapons. depending on weapon design and size. 
Special designs might increase the gamma frac- 
tion, whereas massive, inefficient designs would 
decrease it. This component is generated within 
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• 
less than a mkrose-:ond of detonation time. 
High energy neutrons, whic'h result from tl?e fu- 
sion process. emerge from the bomb debris with 
energies on the order of four to fourteen Me\'. 
For (j surfa.:e or air burst. these neutrons lose 
their energies primarily through a large number 
of inelastic collisions ,,;jth the surrounding air 


molecule~ over a time period of many micro- 
seconds. This giYes rist' to a source of gammas 
over the same time span. Isomeric gammas are 
given of!' by nuclei of certain fission products 
in decayin£ from excited states to the ground 
state. Th:.'y are important at times after the 
pea}:$ in prompt anll air ineia:,tic contributions 
(see Section J. Chapter S J. 


'·2 Compton Current. 
II \\'hen gamm:, radiation from any of the 
SOlm:es memiol1('d in th<.' preceding paragraph 
impinges upon air mole~'uks. high energy elec· 
trons aT!: created by tll.: Compton effect. In this 
effe('t. illustrated in Figure 7- J. th;;> incid!?nt 
O'amma ra\' interacts with an ekctron in the shell 
;= 
• 


of an aTom. imparting to it a largl.' amount of 
energy. Both the eJ!?ctron and a less energetic 


~­~ 
r 
yl 


Figure 7-1. 
(U) 
The Compton Effect 
(U) 


gamma ray scatter, primarily in the forward di- 
rection, and the scattered gamma rays fre- 
quently retain sufficient energy to repeat the 
process. In additiolJ to the generation of Comp- 
ton electrons, over ten percent of the gamma 
rays with energy above 5 MeV may generate 
electron-positron pairs (pair production). The 
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positrons will cause ionization by inelastic col- 
lisions and eventually will be annihilated on col· 
lision with an electron, resulting in two 0.5 J J 
Ivh;V gamma rays. The radial beams of scattered 
high energy electrons comprise a current tenned 
the Compton current. If certain spatial and time 
conditions are met by a current, an electromag· 
netic field is generated. Since the prompt gamma 
ray pulse increases rapidly to a peak value and 
then decays (Section 1, Chapter 5), and since 
the Compton electrons lose energy as described 
in the following paragraph, the Compton current 
rises to a peak value rapidly and then decays as 
illustrated in Figure 7-2 .• 
'-3 Ai. Conductivity 


• 
The high energy electrons in th.: Comp- 


ton current lose S0111;;> energy to tl1(' surrounding 
air molecules through ineiastic collisions. The 
energy lost in these collisions goes into t1-:.1:' free- 
ing of additional electrons from the air mo]('· 
cules. Le .. further ionization, A drasti..:: chang!? in 
the conductivity of air takes pIa.::e as it is ioniud 
to bee-om.:: a plasma consisting of molecuks. 
atoms. ions. eleCtrons and accompanying eleC'- 
tromu!!netiC' radiation (see paragraph 4-2. Chap- 
ter 4l~ The conductivity will vary in space and 
time with th;;> density and mobility of the ions 
and c'lectrons. and the mobilitr depends on the 
electric field strength. Under certain conditions 
of air density and distance the x-rays from the 
bomb may contribute significantly to the air 
conductivity. Further complications are intro- 
duced by the recombination of ions and elec- 
trons. Initially the dominant process is the at- 
tachment of electrons to neutral oxygen mole- 
cules, reducing their mobility. Later the negative 
ions and electrons recombine with positive ions, 
reducing the charge density. Both processes, 
which are strongly dependent on air density, wa- 
ter content of the air, and the electric field, tend 8 
to reduce the conductivity of this partially ion- 
ized plasma. Figure 7·3 shows an example of air e 
conductivity. The sudden rise at 8 microseconds t 
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; 


• 
is due to the local arrinl of the neutron flux 
that produces ionization by nuclear reactions 
other than inelastic collision. namely (n,p) and 
(n:)' 1 reactioris; however. earlier times are of 
greatest interest for the generation of EMP. 


7·4 Radical Electric Field II 


• 
! f a nuclear burst occurs in homogeneous 
(constant density I atmosphere, with no geomag· 
neti .. ' fields present. a charge·separation model 
may h: usell 10 describe the resulting electri;.' 
fields. Positiye and negath'e charges are sepa- 
rated as the Compton electrons sweep off in a 
raJj;.;! direction from the explosion. while the 
he;wier ions tend to rem3in behind. Thus. t\\O 
shells of charge are created. an inner positi\'e ion 
5h..:'ll and an outer shell of ele\.'trons. This separa- 
tion prod u,,'es a large local electric field in th..: 


raJia~ direction sho\\n as Er in Figure 7-4. The 
magnitude 01 the field is limiteJ as the air con- 


du.::ti\it~ 
ri~e5 to pennit return currenb. Con- 
ductivity is higher closer to the burst where the 
current are more dense. so this region is the first 
to suturdte and to limit the radial fidd although 
the radial electric fielJ is higher when saturation 


occur~. These eff('cts are Oepict.:J schematically 
in Figure -:-5. 


_ 
Ii i~ to be noted. however. that the total 
current distribution and the resulting radial del.'- 
tn.:: field are perfectly spherically symmetric in 
Ihh hypothdil.'al illustration. It is a fundamental 
property of such a current distribution that no 
magn('tic tield is g..:nerateJ and no eb:tromag- 
netic field is radiated away. The various asym- 


metrie~ that OCl.'ur in practke. and the resulting 


fjeld~ that are generated in the source region or 
radiated away are discussed in the following 
paragraphs. 
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7·5 Medium Altitude Air Burst. 


_ 
This category of nuckar explosions is 


defined to include weapon bursts under about 
30 
kilomder~ (19 miles I altitude. but suffi- 


ciently high that the deposition region contain· 
ing the source currents does not touch the earth. 
In this case there are three principal factors lend- 
ing to destroy the spherical symmetry of the 
current distribution discussed in the preceding 
paragraph: the atmospheric density gradient. the 
earth's magnetic field, and the configuration of 
the weapon itself. Since the earth's magnetic 
field is a much more important influence in less 
dense atmosphere, it will be discussed in suc- 
ceeding paragraphs in connection with high- 
altitude bursts. 
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Figure 7-5. 11 limits on Electric Field Waveforms. 


_ 
Th", dem,it~ graJicnt in the lower atmo- 


Sp]);;fl' !e;.l\eS tile current distribution in the de- 
positi('r: region symmetric in azimuth only. since 


t11;;: su.:ngth of all the deposition region interac- 
tions depends on the density of its constituents. 
Thus th;;re j:, a net vertical current component. 
the strem!th of whi~h is expresed in terms of a 
dipole m;ment. This quantity is responsible for 
the £eneration of a 
field in the deposi- 
tion - region and the radiation of an electromag- 
neti..: \;'aye from this region. These effects are 
shown in Figure 7-6. assuming no weapon asym- 
metn. The ~adiatjon. which is in the form of a 
simpie \\"r1ical eJectri~ dipole. is a high intensity 
hief p~ds::: ti;Jt in,,:iuJes a bro:.!d spectrum of 
frel\u;;n..:ie:, liP to many ~l11z. Figure: 7-7 demon- 
strale:-- the rdationship of enert;) p;;r unit fre- 


quen~'y as a fun..:tion of frequency. The electric 
fiel,l 
<:1:-- a run~tion 01 rangc. R. and azimuth, 6. 


foilows th(, form 


R o 


1: ( t I ;::: 
E ( t ) si 11 fi 
R 
0 


\\])er.: R, is the raJius of the deposition region 
and E(, i:-; the time i.L:pendent ele~tric field at 
Ro' The angular dependence of radJ~teJ el~ctro­ 
ma!!netic radiation b such that maXImum mten- 


sit\~ is radiated horizontally from the burst and 
is ~1inimum directly above or below the burst. 
Simplified general waveforms of the quantities 
discussed here are presented in Figure 7-8. 


til The presence of the ground introduces a 
strong asymmetry in addition to the ones de- 
scribed above. The ground is a very good ab- 
sorber of neutrons and gamma rays and a gooJ 
conductor of electricity compared with air. 
Therefore, the deposition region consists ap- 
proximately of a hemisphere. resulting in a very 
large dipole moment and consequently large ra- 
diated fields. Further. the conducting groun:! al- 
lows an effective return patil for the electron 
shell near the surface with the result that current 
loops are formed. That is. electrons travel out- 
ward from the burst in the air, then return 
through the higher conductivity ground toward 
the burst point. These current loops form a to- 
roidal shaped solenoid resulting in very large 
azimuthal magnetic fields in the deposition re- 
gion. especially close to the ground. These ef- 
fects are shown in Figure 
Figure 7·10 shows 
a typical toroidal magnetic fieJd waveform in the 
deposition region near the surface. 


_ 
There can be extremely large electric 
and magnetic fields as well as the presence of a 
highly conducting plasma within the deposition 
region. As a result of the number of variables 
that can affect the magnitude and shape of the 
fields, it is not possible to provide a simple de- 
scription of the fields. 
II The peak radiated electric fields are ten 
to a hundred times stronger than for a similar 
air burst. The range, Ro' at which the radiation 
region begins is a function of weapon yield as 
shown in Table 7-1. 
11 The magnitude of the peak value of the 
radiated electric waveform for a surface burst is 
a weak function of yield, varying from about 
1.300 volts per meter at Ro for a 4.2 TJ (l KT) 
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Figure 7·8 _ 
Comparison of General Waveforms for the Dipole Moment, the Current, and the E·Field 
for and Air, Burst_ 
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• 
explosion to about 1,670 volts per meter for a 


4.~ x 104 TJ (10 MT) explosion. For most cases, 
a value of 1,650 volts per meter may be assumed. 
At ranges along the surface beyond Ro' the peak 
radiated electric field varies inversely with the 
distance from the burst. Thus. the magnitude of 
the peak radiated electric field along the surface 
may be estimated from the equation 


R o 
E=-E 
R 
0 


where Ro is the range to the beginning of the 
radiation region, R is the distance along the sur~ 
face to the point of interest, Eo is the peak value 
of the radiated field at Ro (assumed to be about 
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Table 7-]. 
Variation of Range, 
RoJ at . 
Radiation Region 
Begins, with Yield II 


I .650 \'olt~ per meter). and E is peak value of 
the radiated field at R. For example. the peak 
eJectri-: field 10 kilometers from a 4200 TJ (1 
.:-.n) surface burst would be 


E = C·~) (J.(;~Ol ~ 1.:00 \1l1. 


The peak ele-:trj(, fidd at the same distance from 
a 420 TJ (100 hTl surfa.:-e burst would be 


E = c;) 11.650) ~ q~o \ m. 


The spatial distribution of the radiated signal in- 
volves not only the inverse range attenuation 
discussed abo\'e, but also the polar angle. The 
magnitude of the R'Ee product follows a com- 
plicated function of the polar angle. e. Figure 
7-11 shows the computed variation of the radi- 
ated EMP signals as a function of e. The varia- 
tion in the waveform shape, as well as in the 
peak amplitude. as a function of angle should be 
noted. Because of the greater rise time of the 
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waveforms as the vertical is approached. it is ap- 
parent that the high frequency content of the 
signal::. decreases. The frequency spectrum is an 
important parameter for coupling analysis. Fig- 
ure 7 -1 ~ shows the normalized frequency spec- 
trum of the horizontally radiated EMP from a 
surface burst. Comparing this spectrum with 
that shown in Figure 7-7 shows significan!1y 
greater high frequency content for the surface 
burst . 


• 
The preceding discussio~ ,;as intended to 
illustrate the general charactenstlcs of the EMP 
fields generated by surface bursts and the vari- 
ation of the peak radiated electric fields in space. 
In addition to the behavior of the electric and 
magnetic fields, the air conductivity is impor- 
tant for more accurate coupling analysis. A few 
selected examples of these quantities are pre- 
sented in later sections of this chapter: however. 
it is beyond the scope of this manual to provide 
complete EMP environmental data upon which 
vulnerability analyses may be based. 


7-7 High Altitude Burst II 


• 
This burst regime is defined to include 


any nuclear burst at an altitude abo\'c about 30 
ki·lometers (19 miles). In this regime tho:: atmo- 
sphere is so sparse abo\'e the burst that relatively 
little Compton current is generated there. The 
deposition region. departing far from spherical 
symmetry. consists principally of a pancake 
shaped volume extending from about ~O to 50 
kilometers (12 to 30 miles) in altitude and to 
the horizon as viewed from the burst. Thus. 
very high altitude bursts may cover vast geo- 
graphical areas. A further asymmetry, the 
earth's magnetic field, is responsible for the 
form of the radiation. The Compton electrons. 
which result from collisions of the prompt gam- 
mas and x-rays with the air molecules in the de- 
posltIOn regions, are deflected by the earth's 
field to follow helical paths significantly long 


) 
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Figure 7-1111 Va-dation of the Radiated EMP for a Surface Burst with Angle e Measured from the 


Vertical in Radians II 
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Figure 7.1211 Normalized Frequency Spectrum of the Horizontally Radiated EMP for a Surface 


Burst II 
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• 
Juring the time between collisions in the rare- 
fidd medium. The accelerated electrons produce 
the characteristic synchrotron radiation with a 
large high-frequency content. The peak ampli- 
tude of the electric field near the surface may be 
quite large, a few tens of thousands of volts/ 
meter for high bursts. Figure 7-13 illustrates the 
basic geometry of this burst. 
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Figure 7-13 tlillustration of the Basic Geometry of the High-Altitude Burst II 
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Figure 7.1511 Basic Variations in Incident Peak Electric Field for Locations on the Earth's Surface for 


HOB above 500 km II 
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Figure 7.16. 
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Maximum Peak Electric Field as a Function of Gamma Ray 
Yield for Selected Burst Heights • 


The radiated EMP from a high altitude 
peak value much more rapidly 
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than that from a surface or low air burst. Figure 


. 7-17 illustrates the time waveform of the rad j. 
ated signal from a high altitude burst. The ana- 
lytic expression 


where t is in microseconds, describes the \','<1\'1;'- 
form in Figure 7-17. The frequency spectrum of 
this pulse is illustrated in Figure 7-18. As the 
gamma yield of the weapon decreases, the pulse 
width tends to increase. decreasing the relative 
high frequency content of the signal. Similarly. 
increasing the angle bet\\'een the line-of-sight 
and the vertical through the burst point in- 
creases the pulse width. 


_ 
The high altitude burst is the dominant 
threat to exoatmospheric systems. The most 
severe EMP environment for such a system 
comes from a line-of-sight path that passes 
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Figure 7-1711 Time Waveform of High·Altitude Radiated II 
Change 1 7·19 


- 
u 
'" '" 
.... 
" " 
;:; 
" 
.::: 
E 
i: 


w 
Q 
::> 
~ 
:. 
0.. 
:0 
<! 


II 


" 
1(; 


; 
! 
: 


I 
10-2 


10-3 


IC .... 


IC-~ 


IC' 6 


, 
~! 
~ 


\ \ 


IC~1 
; 
, 
• 
~ 
E 
,- 
.S 
Ie 
Ie 


Figure 7.1811 Amplitude of High·Altitude 
Radiated Signal til 
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I 


throUfh 
th~ deposition r~gion but mi5:,e~ th~ 


earth and is propagated through the ionosphere 
(see Figure -;-19 ,. The ionosphere al.'ts .as a high 
pass filtt.'r. an,1 only frequendes above a giwJ1 
cutofl" are obserwd. The cutoff frequency de- 
pel1d:-. on the altitude. tim.: of day and sunspot 
activity. and. for examrk. varies between abou t 


.3 and 14 :-"lHz at night. depending on th~ alti- 
tude of the obsener. DJytime cutoff frequt.:'ncies., 
of 30 MHz may be encountered for a 1000 km 
high obsem~r. In addition. the effective index of 
refraction. and ther~fore the group velocity of 
the EMP signal also varks. with the higher fre- 
quencies tra\'eling fastest. Aiso, the transmission 
for frequendes near the cutoff is very large. ris- 
ing to neJr unity for higher. frequencies. Al- 
though the amplitude of the dispersed pulse will 
be much smaller than that of the undispersed 
pulse. the signal will be stretched out greatly in 


7·20 Change 1 


time. For frequencies abow the cutoff there will 
be little energy loss. Figure 7-'20 shows a pre- 
c(kted dispersed EMP (DEMP) signal from a high 
iititude burst as viewed by an observer at 100 
km altitude. This is based on a nighttime iono- 
sphere at sunspot minimum. 
II SYSTEM GENERATED EMPII 


7-8 General DescriPtion. 


• 
The term System Generated Electromag- 
netic Pulse (SGE\1P) refers to the fields and cur- 
rents generated by the interaction of weapons- 
prod uced 
radiation 
(principally 
X-rays and 


gamma rays) with a system or portion of a sys- 
tem. The system generated electromagnetic 
pulse is produced inside or in the vicinity of a 
systl:!m when an incident photon pulse interacts 
with the material of the system. Photoelectric 
and Compton electrons are created. and the re- 
sulting emission current produces electric and 
magnetk fields. internJ1 BIP. or I P,1P, which 
refers to the electromagnetic fields interior to 


system~ and containers. and which is generally 
generated by gamma rays. or high energy X-rays. 
is included in the general category of SGEMP. 
SGEMP specifically excludes the internal effects 
associateJ with transient radiation effects on 
electronics (TREE l. 


• 
The system-generated E\1P is most impor- 


tant for electronic components in satellites and 
ballistic systems ahove the deposition region 
that would be exposed directly to the nuclear 
radiations from 
a 
high-altitude burst. The 
system-generated EMP can also be significant 
for surface and moderate-altitude bursts if the 
system is within the deposition region but is not 
subject to damage by other weapons effects. 
This could possibly occur for surface systems ex- 
posed to a burst of relatively low yield or for 
airborne (aircraft) systems and burst of higher 
yield. 
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Figure 7·19 I The Geometry for Producing Dispersed EMP for Exoatmospheric Systems til 
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Figure 7·20 _ 
Electric Field Time Waveform of High-Altitude EMP after Dispersion by Nighttime 
Ionosphere II 


7,9 SGEMP Generation II 


• 
The generation of SGEMP is a complex 
function of many" physical phenomena. The 
complexity of the problem precludes quantify- 
ing SGEMP generation for any broad class of 
systems. This section. therefore, will attempt to 
describe some of the generation phenomena for 
one simple problem. The "D1\A EMP (Electro- 
magnetic Pulse) Handbook." DNA :2114H-3, 
Volume 3, should be consulted for an in-depth 
treatment of the subject (see bibliography) . 


• 
Figure 7-21 illustrates SGEMP generation 
in a c3\"ity. The incident X-rays and gamma ray" 
create photo- .md Compton electrons, respec- 
tively. within the cavity walls. The generation is. 
of course. dependent on the energy flux of the 
incoming photons and the properties of the v,'all 
material. The photo- and Compton electrons 
subsequently interact with the atoms of the wall 
material to produce secondary electrons. Those 
electrons created near the surface (within an 
electron mean-free-pathJ with velocity vectors 
toward the surface generally will be emitted. 
The net electron currents. both within and with- 
out the cavity, gives rise to a magnetic field 
which will induce currents in circuit loops via 
magnetic coupling. 
II For tlus discussion. it is assumed that the 
electron emission and subsequent field genera- 
tion are separable problems. Further, the elec- 
tron emission from the extemal \\'all surfaces 
will be ignored. The problem under considera- 
tion is thus one in which electrons are emitted 
from two intemal surfaces of the cavilv in the 
forward and reverse directions, the emis~ion be- 
ing described as a time and energy dependent 
electron flux. 
II 
As the emitted electrons traverse the 
caVlty, a net forward curren't will be observed 
within the cavity wlule a space charge is estab- 
lished concurrently. If the cavity is at vacuum or 
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near-vacuum conditions (0.13 pascaJ - 10.3 Torr 
or less) and of appropriate size, space charge 
limitation will occur. This will result in the cre- 
ation of high electric fields (105 - 106 voltsi' 
meter) near the walls. 


• 
If the cavity pressure is above 0.13 pas- 


cal, another phenomenon wi1l occur in suffi- 
cient intensity to alter the SGEMP. The emis- 
sion electrons will interact with the gas mole- 
cules to produce additional secondary electrons 
(hereafter called gas electrons) and positive ions. 
The gas electrons will tend to "stream" to the 
cavity walls in comparison to the heavier and 
slower gas ions that are created concurrently. 
The gas ions will neutralize the space charg'e. 
thereby allowing more electrons to traverse the 
cavity. Thus the E-field intensitv near the walls 
will decrease while the current in the cavity .. 
and concurrently the magnetic field. will in- 
crease. It should be noted that quantitative anal- 
ysis of the electron emission and subsequent 
SGEMPgeneration for even tlus simple problem 
requires the use of complex computer codes on 
large computers. 


7,10 Problem Definition II 
_1 t is emphasized that the above discussion 
dw7s on only one small aspect of the SGH.'IP 
problem: the generation of an idealized SGEMP 
in a simplified geometry. A complete treatment 
of the SGEMP for a given system must start with 
the threat definition and the incoming photon 
flux. This must then be translated into electron 
emission from all surfaces, cables, components, 
etc., of the system. From the emission, fields 
and currents throughout and extemal to the sys- 
tem must be detennined in a self-consistent 
manner. Next, coupling of the fields and cur- 
rents to the system electronics must be estab- 
lished. Finally, the reaction of the electronics to 
the coupled energy must be detennined and 
evaluated. 
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Figure 7-21_ SGEMP Generationtl 
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III 
t is possible that this evaluation proce- 


dure may be terminated after any given step. 
F or example, consider an electronically very 
"hard" system for which the "threat" is ¥'eci- 
fled as 4.2 x 104 joulesl meter2 (l cal/cm-) re- 
ceived uniformly over a period of a year. By in- 
spection, SGEMP is not a problem. At the other 
extreme. consider a system that is easily upset 
by small (milliamp), short duration (30 nsec) 
electrical :?ulses. If the ~hreat for, tlli~ s~'stem is 
4.2 x 10- joules imeter- (10 cal:,cm-) 111 a pe- 
riod of 100 nanoseconds. SGEMP may be a sig- 
nificant problem. An in-depth analytical/experi- 
mental program must be undertaken to make an 
evaluation of SGD1P effects. 
II Clearly. the above examples are extremes. 


They only ser\'e to illustrate that an all encom- 
passing definition of SGE\IP problems is impos- 
sible because of the highly complex. system- 
specific nature of this phenomenon. Likewise. 
it is not possible to formulate a specific solu tion 
to the SGE\lP threat for general appli..:ation. 
Thus. the susceptibility and vulnerability of 
each system to SGE!\IP effects must be conshl- 
ered separately. 
til COMPUTER CODE DESCRIPTIONS. 


7-11 Code Utility_ 
til From the pbysi,:al descriptions proyided 


in the preceJing paragraphs. it is apparent from 
the large number of variables involved that even, 
approximate solutions to practical problems of 
interest demand a large investment in electronic 
computation. The complete problem of the 
coupling of the EMP from a specific detonation 
into the components of a specifi..: system is an 
extremely complex problem. There are no com- 
puter codes which even rem.otely approach a 
treatment of the complex problem. As a conse- 
quence. various aspects of the EMP problem are 
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studied individuallS' with the aid of eXlstmg 
codes. and good engineering judgment must be 
used to couple these various parts of the solu- 
tion into a quantitative estimate of the effects 
of EMP upon a given system. 


7·12 Code Classes _ 


• 
There are three general classes of compu- 
ter codes in use: environment codes. system gen- 
erated EMP codes, and circuit-analysis codes. 
The codes that are curreJltly in use are described 
in the "DKA EMP (Electromagnetic Pulse) Hand- 
book," Volume 4 (see bibliography). 
II 
SYSTEMS EFFECTS II 


7-13 Sy;tem Definitions. 


_ 
\CIany systems that are physicaUy differ- 


ent can be grouped together in terms of the E!\IP 
environments they will encounter. For this pur- 
pose it is useful to consider classification of sys- 
tems in terms of operating al titude and nuclear 
. hardness. 


_ 
From the previous description of the 
E\IP eJwironment. the altitude categories sug- 
gested in Figure 7-2::' are evident. It should be 
noted that certain syst~ms may operate succes- 
sively in more than one category. 
II 
For the purposes of this manual it is ade- 


quate to consider system hardness in only two 
categories. A hard system is one that has been 
designed to operate in some nuclear environ- 
ment. A soft system is not so designed, and its 
hardness is due solely to its inherent design. For 
a ground system, the blast usually is considered 
to be the indicator of the nuclear hardness of 
the system. The dominant effect will change 
from blast to nuclear radiation. defined here in 
terms of the total dose in rad (Si), as the system 
altitude increases. A system is considered to be 
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Figure 7.22. Categories of System Operation Regions II 
• 
hard if it is built to withstand blast o\'erpres- 
sures of about 70 kilopascals (10 psil or more or 
a radiation dose of 1 rad (Si t or more. Corre- 
sponding figures for a soft system are 7 kilo- 
pas..:a]s (I psi) or less and O. J rad (Sit or less. 
Systems marg.inal with respe;;t to either crite- 
rion should be reviewd in both categories. 


7-14 Threat Definition. 
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Figure 7.23. Mission/Environment MatriX. 
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• 


Blocks are shaded in on the diagram on 
sis of dominant environments for a given 
mission, not on the basis of whether EMP exists 
at all for that situation. Thus. based on the defi- 
nitions gh'en, Figure 
7-:~3 may be used as a 
guide for which em'ironments constitute a dom- 
inant threat for given situations of interest. 


7·15 Effects Comparisons. 
lilt is well beyond the scope of this chap- 


ter to attempt meaningful effects comparisons 
for every system altitude. burst altitude, and 
environment combination for which EMP may 
be the dominant threat. However. it is instruc- 
ti\e to consiJer one such combination in order 
to gain some impression of how the magnitude 
of the threat might be compared to other ef- 
fects. Accordingly. the deposition region emi- 
ronment created by a surface burst wili be exam- 
ined with regarJ to the effe.;:ts on hardened 
ground systems. a category in which the Ei\IP 
threat may dominate according to Figure 7':~3. 
As mentioned previously, the nuclear hardness 
of such a system is generally described in terms 
of its over-pressure level. Using this quantity as 
an indicator of hardness, the EMP field wave- 
forms. peak values and frequency content for 
the principal field components BI{:, Er- and EO- 
as defined in Figure 7-:~4 and the associated air 
conductivity waveforms and peak values will be 
examined. 
_The peak values as a function of over- 


pressure are considered first. Figures 7-25, 7-26, 
and 7-27 show these values for the three field 
components for two yields and two valUes of 
ground conductivity (Og)' It should be kept in 
mind that a large shift in frequencies present can 
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occur bet\".'een 70 and 7 ,000 kilopascals (10 and 
100 psi). The coupling of systems to the fields 
in this intense region is complicated by the high 
air conducth-ity. Figure 7-28 sho\\'s how peak 
air conductivity varies with overpressure. It 
should be noted that the lower yield weapon 
produces higher conductivity for a given over- 
pressure leve 1. 
.. 
The variation of these same quantities in 


tiJ~or the 4.200 terajoules ( 1 !>.IT I yield and 
. 
~ 
.. 
a ground conductivity of 10-- mho/m is illu- 
strated next. The waveform for the By compo- 
nent is shown for various overpressure levels in 
Figure 7-'29, and the frequency spectrum is il- 
lustrated in Figure 7-30. Corresponding wave- 
forms and spectra for Er and EO components are 
shown in Figures 7·31, 7-32, 7-33, and 7-34. 
Finally, the corresponding air conductivity 
waveforms are presented in Figure 7-35 . 


• 
I t is apparent from these figures that 
meaningful effects comparisons can be made and 
presented to the systems designer for a given set 
of physical conditions. However, it is also clear 
that the results vary drastically with changes in 
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• 
the conditions, and t:hat the very many combina- 
tions possible in the conditions preclude concise 
generalizations to cover every situation. Strictly 
speaking. a system imbedded in the deposition 
region must be induded as part of the environ- 
ment itself in formulating the problem. This 
limitation should be kept in mind while examin- 
ing the figures described. 
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Chapter 8 
t'"s; 


PHENOMENA AFFECTING ElECTitOMAGNETIC 


PROPAGATION1 • 


.' 


• 
INTRODUCTION. 


- 
fhe two principal phenomena caused by 


=':ear detonation that affect electromagnetic 
propagation are electromagnetic emissions and 
ionization of the atmosphere. The short. duration 
electromagnetic pulse described in Ch ... pter 7 is 
in the first category. Also included in this frrst 
category are continuing thermal radiation and 
emissions from various chemical reactions within 
the atmosphere. These radiations and emissions 


produc~ noise throughout the radio and optical 
spectra. The second phenomenon, atmospheric 
ionization, involves alterations of the electrical 
properties of the atmosphere that can affect the 
propagation of electromagnetic waves. Both types 
of effects lire caused by energy radiated from the 
nuclear explosion, from the subsequent frreball, 
and from the radioactive debris. The severity of 
the effects on the propagation of electromagnetic 
waves may vary from being completely negligible 


t~lerable degradation of system performance. 
.. 
For tbe purpose of discussing the effects 
on propagation, the electromagnetic spectrum is 
divided into two frequency bands: the radio band, 
which includes radar applications, and the optical 
band, as shown in Figure 8-1. The most irnportal"t 
effects in the r .. jio band usually are those that 
affect the propagation of the desired electro- 
magnetic signal (effects that change the ampli- 
tude, phase, direction, etc.). Electromagnetic 
radiations from the fireball and other regions 
can interfere with desired sign~ls, and in some 
cases. interference from other sources (e.g., at- 
mospheric noise) will be enhanced or diminished. 


T~" '!',,,,t important effect in the optical band 
is radiation from the fireball and other regions 


that interferes with desired signals. The source 
0l!fradiai.iOn is described in Chapter 3. 
The current state of knowledge concern- 
ing t e effects of nuclear deto:1ations on electro- 
magnetic wave pr::>pagation stems from tull scale 
tests. laboratory experiments, theoretical studies, 
and simulation with certain atmospheric phe- 
nomena. Meaningful testing of high:-altitude nu- 
clear weapon effects requires a sophisticated 
space capability (e.g., instrumented rocket 
probes), and only a relatively few high-altitudes 
tests were performed prior to the test moratorium 
in 1962. 
.. While those tests provided information to 
d~p 
models to caiculate the various phenom- 
ena, considerable uncertainty exists in scaling to 
burst or atmospheric conditions that are much 
different from those of the tests. AU of the high- 
altitude tests have been single bursts. Significant 
differences are expected when two or more nu- 
clear detonations occur near one another in time 
a.ace . 
Detailed theoretical descriptions f or most 
burst phenomena are highly complex and require 
specification of poorly known parameters for 
quantitative results. Laboratory measurements 
have been used to obtain estimates of some 
parameters, but usually the results have to be 
scaled to conditions much different than those 
I "'!though the Engl1sh System of units for measuring dis- 
tanct .is given priority throughout most chapters of this manual, 
wavelengths anc.: other dimensions dealing \\ith elecuomagnetic 
wave propagation usually are given in the metric system. There- 
fore, in tlUs ~ter and in Chapter 17. the metric system is used 
for distance dnnensions. Conversion factors from the metric sys- 
tem to the Eng:Iish system are prOVided in AppendIX B. 
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...... 
• 
used in the measurements. Some understanding 
of electromagnetic p.opagation in disturbed en- 
vironments has been obtained from propagation 
measurements during eclipses, solar flares, and 
:Jurora1 disturbances. However, natural phenom- 
ena often involve the superposition of different 
phenomena than those brought about by nuclear 
bursts, and extrapolation to burst conditions can 
be misleading. 


SECTION I 


. 
. 
• • 


PHENOMENA AFFECTING 
10 FREQUENCIES. 


• 
The number of free electrons in the c:t - 


mosphere is increased greatly by weapon radia- 
tions from high altitude bursts. These free elec- 
trons can absorb energy from electromagnetic 
waves and can chang~ the phase velocity of the 
waves (changing the direction of propagation 


8·2 


- 
:,... .. ---..... ~ 


and signal characteristics). Electromagnetic radia- 
tions from heated regions and from trapped elec- 
trons are a source of noise. 


• 
IONIZATION AND 


DEIONIZATION II 


• 
~-1ost of the energy of a nuclear detonation 
is emitted in forms that can produce ionization.2 


Some of this energy is in particulate matter (neu- 
trons, beta particles, and high-speed debris that 
originally constituted the warhead and adjacent 
structure), and some is in photons (thermal radia- 
tion from the weapon case and gamma rays). Be- 
tween 90 and 95 percent of the energy is emitted o_r_~bI-_-i 
promptly (within a microsecoild); about 5 to 10 
~ 


percent is delayed radiation from the radioactive 
5 


decay of fission debris. 
- . 


2The ionization process is described in paragr;ph 6-4. Chapter 6. 
Dy __________________ _ 
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• 
If a nuclear explosion occurred in a vac- 
uum with no magnetic field, the flux of radiated 
energy would decrease as the SQuare of the dis- 
tance traveled. In the atmosphere, collisions and 
scattering processes absorb energy and produce 
ionization and excitation. (See Chapters 3, 4, and 
5 for discussion of atmospheric absorption of 
photons. r.eutrons, and beta particles.) 


• 
Radiati'1n entering the atmosphere from 
a 
v is absorbed rapidly wh~n it reaches the 
altitude. termed the stopping altitude, where the 
mean-free path equals one scale height (an alti- 
tude region ('ver which the atmospheric density 
changes by a factor of e (approximate]y 2.7j. 
Stopping altitudes for the -principal radiations 
from a nuclear weapon are shown in Table 8-1. 


Table 8-1 til Approximate Stopping AI':itudes 


for Principal W -a~n aut uts 


Causing Conization 


Weapon Output 


Prompt lUdiation 


x-ray!. (1 key radiator) 
Neutrons 
GallUTlll rays 
DebnE' (kinetic er.erry) 


DelaYI:.J Radiation 


Gamma ray." 
ibt. particles (1 Mev) 


Stopping 


Altitude (km) 


80 
25 
25 
US 


25 
60 


• 
Fm detonations below the stoppmg alti- 
tude of a particular radiation, most of that radia- 
tion will be contained locally. When detonations 
occur dbove the stoppi:lg altitude of a particular 
radiation, tlut radiation can spread large dis- 
tanc£.t before beil'g deposited 2nd causing ioni- 
lathn. Arout 3 x 10" ion pairs are produceci for 
each 1 Mev of energy deposited in the atmosphere. 


Since about 3 x 1028 Mev are released per mega- 
ton of weapon yield, even a small fraction of the 
weapon output can cause large electron densitie~. 
The lifetime for many of the electrons produced 
is short, however, and it depends critically on 
the altitude at which they are produced. 
_Electrons and ions produced by the ioni- 
zatIon sources undergo various atmospheric re- 
a-::tions that change their number density. Four 
principal reactions must be considered: 
1. 
Attachment. Electrons can attach to neu- 
tral air particles (primarily to oxygen 
molecules and/or atoms) tp form ne!ative 
ions. 
2. 
Detachment. Once attached, electrons 
can be detached from negative ions by 
collisions, solar radiation, or radiation 
from the ftreball. 


3. 
Recombination. Electrons and positive 
ions can recombine to form neutral par- 
ticles. 
4. 
Mutual Neutralization. Positive ions can 
combine with negative ions formed by 
attachment, to produce neutral particles. 
.. 
The rate at which these reactions proceed 


is~ong function of altitude. Thus, the altitude 
distribution of electron density after a period of 
time generaHy will not coincide with the altitude 
distribution immediately after the deposition of 
weapon energy. Detailed solutions of the time 
history of electron density require consideration 
of a large number of atmospheric species. Many 
reaction-rate coefftcients are not well known, 
even for the natural atmosphere. The uncertain- 
ties in these coefftcients provide a signifiC2nt 
. source of uncertainty in the prediction of elec- 
tron density time history. In the natural atmo- 
sphere above about 70 km, where neutral par- 
ticle density is low, recombination accou.lts for 
the major electron loss. At lower altitudes, at- 
tach-nent becomes increasingly important in the 
removal of free electrons, particularly at night 
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"n there is no photo detachment of electrons 


frjllf.egative ions by sunlight. 
In heated or fughly ionized regions, the 
air c emistry (interaction between species) is 
modified, and electron loss processes are changed. 
The expansion of heated regions also reduces 
thllectron density. 
In discussing electron density caused by 
nu ear weapons, it is convenient and usefui to 
consider the electron de nsi t y resulting from 
prompt radiation and delayed radiation sepa- 
rateiy. Also, since ionization and deionization 
processes are significantly different inside and 
outside the ftreball. these regions will be di~­ 
cussed separately. Although electrons are the 
principal cause of effects on electromagnetic 
propagation, ions can affect propagation in the 
VLF and LF bands (frequencies below a fe'Y 
hundred kilohertz). 


8-1 Electron Denl' Within 
the Fireball 
... 
' Initially the incandescent region termed 


t~reba]) is highly ionized. For detonations 
below about 60 km, thermal ionization of air 
and debris from the weapon and carrier main- 
tains high electron densities until the firebaU 
cools below about 2500oK. For cooler fireballs, 
beta particles deposited withir. the fireball may 
ht' (I c;ip.f'lificant ionization source. Predictions 
of electron density within the ftreball require 


knowl~dge of the distribution of temperature 
and debris within the firebaU, the shape of the 
fireb'lll as a func:tion of time, and the detailed 
chemistry of heated regions. 


_ 
Detailed calculations, which have been 


pe~med for a few burst conditions, are im- 
precise, particularly with regard to inhomogene- 
ities andgradipnts in :U'ebaU pronerties. However, 
for tnany cases, relative)" Simple fireball mcjels 
in which the mass denSity and temperature are 
assumed unifofJu within the fireball can be used. 
Figures g-:! and 8-3 show calculated values of 
ave-.. ge ftreball electron dens,ty a:1d temperature 


following I-Mt detonatiQns at altitudes of25 and 
SO km, respectively. The calculations contained 
the assumption tnat the fU'eball gas was j.-; ther- 
mMUilibriUm, as well as being homogeneous. 
When detonations occur above about 60 
km, osses of free el~ctrons vlithin the frreball 
are slower and the electron density does not de- 
cay rapidly enough to remain in equilibrium with 
the cooling fireball. Volumt' expansion controls 
the decline of electron density during the fll'St 
few tens of seconds following detonation. Later, 
rerombination of electrons with positive atomic 
iOis redominates. 
. 
For detonations &t altitudes above about 


80 m, the geomagnetic field influences the fire- 
ball expansion and location. After a few tens of 


s~conds, magnetic forces cause the expansion 
across the magnetic field to becorr.e slower, 
while expansion along the magnetic field con- 
tinues. Thus, the fU'eball becomes elongated alor.g 
the magnetic field in a roughly cylindrical or tube 
shape. Figures 8-4 and 8-'5 show calcu.ations of 
average fU'{'ball electron density anj temperature 
following I-Mt detonations at altitudes of 75 
and 150 km, respectively. 
II Photographs of ftreballs .. ffected by the 
magnetic field show many field-aligned striations 
within the fU'ebaU (see Figure 1-4C). The optical 
striations also indicate large variations of electron 
density within the ftreball. The size of the stria- 
tions and the variation of electron density from 
the average value cannot be scaled accurately 
with burst parameters at present. 


• 
For detonations at altitudes abovt' about 


30~m, the mean-free path of both X-rays and 
debris particles is large, and localized fireball r ... y 
not form around the detonaticn point. However, 
debris particles initially directed downward may 
heat and ionize a region below the detcnation 
poin!. This reglOn, if sufficiently disturbed, is 
termed a fU'ebaU region. The formation of a fU'e- 
ball region depends on the detonation altitude, 
the weapon yield, and the atmospheric density 
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Figure 8-2. 11 Fireball Electron Density and Temperature. 1 -Mt at 25 km • 
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Figure a-3 .• 
Fireball Electron Density and Temperature, l-Mt at 50 km. 
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Figure 8-4 .• 
Fireball Electron Density and Te-nperature, 1-Mt at 75 km. 
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Figure 8-5 .• 
Fireball Electron Density and Temperature, 1-Mt at 150 km • 


:1 


• 
at burst time. Figure 8-6 shows calculated values 
of electron density and temperature wIthin the 
fireball foHowing a I-Mt detonation at an altltuc.i" 
of 400 km. 
• 
On I} a few nuclear tests have been carried 
out b}' the U.S. at detonation altitudes above 
80 km; therefore, theoretical calculations of fire- 
ball formation, size, location, and properties are 
'::..: t.:.;:.:!~:~: c;~ p:mimeters that are poorly known. 
Calculations of fireball properties for detonations 
at altitudes above 80 km should be considered 
illustrative of the general order of magnitude 
rather than as detailed quantitative results. 


8-2 Electron Density Caused by Pr~ 


Radiation Outside the Fireball _ 


• 
Ionization produced outside the fireball 
by prompt gamma rays can be neglected insofar 
as effects on radio propagation are concerned. 
For detonations at altitudes below about 25 km, 
both neutrons and X-rays are deposited within 
or c1o!>e to the fireball, and the effects of prompt 
radiation outside the fireball are minimal. For 
df'tonation altitudes between 25 and about 80 
km, X-rays are largely connned, but neutrons 
produce ionization over distances of several hun- 
dred kilometers. For higher altitude detonations, 
both X-rays and neutrons cause widespread ioni- 
zation. Figure 8-7 shows the initial ionization 
caused by prompt radiation from a nominal 
megaton weapon detonated at 120 km. Because 
of earth's curvature, radIation reaching a given 
altitude at large horizontal distances from the 
source must pass through lower altitudes where 
it is strongly attenuated by the denser air. 
_ 
The decay of electron and ion densities 


f~ng the ionization impUlse depends on 
electron and ion loss rates, which are functions 
of altitude and time of day. Below about 100 km, 
the electron and ion density after I second will 
be essentially independent of the initial ioniza- 
tinn jf thE' initial ion pair density is greater than 
107 ion pairs cm -3. This condition is termed 


saturation; larger initial ionization will not in- 
crease the electron or ion density remaining after 
1 second. Figure 8-7 shows thal the initial ion- 
pir density below 100 km exceeds 107 ion pairs 
cm-30ut to about 500 km from the burst. 
.. 
Figure 8-8 shows the altitude dependence 


o~ 
electron density for several times after a 
saturation impulse. At night the electron con- 
centration decays rapidly, particularly at low 
altitudes where attachment of electrons to neutral 
particles is the predominant reaction. During the 
day, electron densities greater than normal can 
persist for tens of minutes. The insert in Figure 
8-8 illustrates the horizontal extent of the region 
that can be saturated by prompt radiatiol~ as a 
function of detonation altitude. The decay of 
electron and iOIl densities above 100 km depends 
on processes that may be affected by atmospheric 
chemistry changes caused by the deposition of 
prompt radiation. Because of the additional com- 
plications introduced at those altitudes, a simple 
J.i 


resentation of the decay is not possible. 
Many of the neutrons produced by the 
exp osion wlii travel upward and will escape the 
atmosphere. Since neutrons are not affected by 
the geomagnetic field, they will spread isotrop- 
ically over a large area. Each neutron eventually 
disintegrates spontaneously into a proton, a neu- 
trino, and a beta particle (half-life for disinte- 
grdtion is about 12 minutes). Since the beta 
particle (a high-energy electron) is charged, it 
can move only in the direction of the geomag- 
netic field (motion normal to the magnetic field 
direction Causes the beta particle to spiral around 
the magnetic field lines). The beta particles are 
guided by the geomagnetic field until reaching 
altitudes near the beta-particle stopping altitude 
(see paragraph 8-4 and Figure 8-10), where they 
deposit their energy to produce ionizatIon. The 
amount of ionization caused by neutron-decay 
beta particles is small, but it has been noted at 
distances of many thousands of kilometers from 
the burst point. 
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Figure 8-6 .• 
Fireball Electron Density and Temperature, 1-Mt at 400 km. 
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Figure 8-7.11 lon-Pair Density Due to Prompt Radiation from a 1-Mt Burst 
Detonated at 120 km. t = 0 II 


8-3 Electron Density Caused by Delayed 
Gamma Radiation Outside the Fireball_ 


• 
In addition to prompt radiation, delayed 
gamma rays and beta particles (discussed ill 
Section III, Chapter 5) are produced during the 
radioactive decay of the fission debris. This con- 
tinuing radiation produces ionization character- 
ized by a production rate of ion pairs per unit 
volume per unit time. For detonations below 
several hundred kilometers, the fission dt~ris 
(assumed to . 
.,,~ mixed with the total weapon 
debris) is initially within the fireball and is carried 
upward as the fireball rises and expands. 


• 
Wnen the debris is below the gamma-ray 
stopping altitude, g~mma rays can only penetrate 
a short distance, and the ionized region that they 
produce around the fireball is smali. If the debris 
rises above the gamma-ray stopping altitude, 
gamma rays produce ionization over larger dis- 
tances. The resulting electron and ion densities 
are a function of both the lon-pair production 
rate and the electron and ion loss processes. 
Most of the gamma-ray energy is deposited near 
the stopping altitude, but the electrons produced 
below about 40 km are lost qukkly by attach- 
ment. Maximum electron density usually occurs 
at higher altitudes where the electron lifetimes 
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Figure 8-8. til D-Region Electron Density Caused by Prompt Radiation (Saturation) • 


are longer. Near the debris region, where the 
gamma ray flux is large, substantial electron 
derc;ities can be maintained even though the 
debE.5 is at an altitude where free electrons are 
lost by attachment rapidly. 
~ 
When the fission debris and the point of 


i~t are both well above the gamma-ray 
stopping altitude, the ion-pair production rate 
and electron and ion densities caused by gamma 
rays can be expressed conveniently in terms of a 
radiation intensity parameter, I.y' defined by 


where 
W F = fission yield in megatons, 


8-12 


R = radial distance from debris center to 
point of interest in km, 


t = time after detonation in seconds. 


Figure 8-9 shows quasi-equilibrium electron den- 
sities for particular values of /..,. The values are 
called quasi-equilibrium because they are the 
values that would be reached if the producti,)~ 
rate remained constant and jf sufficient time were 
allowed for equilibrium conditions to be reached. 
In an actual situation, the production rate changes 
with time because of the radioactive decay of the 
fission debris and the changing geometry as the 
debris moves. However, for most cases, the time 
to reach equilibrium is short; and the quasi- 
equilibrium values are close apnroximations to 
the electron. densities. The insert in Figure 8-9 
illustrates the horizontal extent as a function of 
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Figure 8-9.. Quasi-Equilibrium Electron Density Due to Gamma Rays • 


debris altitude for which the electron densities 


~licable. 
lilt Most delayed gamma rays deposit their 
energy in the atmosphere by first producing high- 
energy electrons (Compton electrons). Compton 
. ~ •• :: .::; !r 
u reI very short distances in the lower 
atmosphere: however. sClm\.: Compto:1 electrons 
produced above about 6G km can escape to the 
conjugate region. as described for beta particles 
in paragraph 8-4. Ionization in the conjugate 
region caused by Compton electrons is of interest 
primarily for studies of propagation in and below 
the HF band (frequencies below 30 megahertz). 


8-4 Etectr'ln Density Caused by Beta 
Particles Outside the Fireball • 
... Since beta particles are electrically 
c.d, their motion in the atmosphere is af- 


lC'-lt!u by the geoma'gnetic field. When the fission 


debris is above the beta-particle stopping altitude, 
abollt half of the betas will travel down the 
geomagnetic field lines, producing Ionization 
(similar to auroral ionization at high latitudes) 
until they are deposited near the stopping alti- 
tude. The other half of the betas (those emitted 
upward) will follow the geomagnetic field lines 
across the geomagnetic equator and will produce 
ionization at the geomagnetic conjugate.3 


_ 
Figure 8-10 illustrates the lopation of 


th~ta-particle ionization :-egions. 8euuse of 
the slvpe (dip angle) of the magnetic field tines, 
the beta-particle ionization region is offset from 
the debris. '.Vhen the geomagnetic field is undis- 
turbed by the detonation, the location of the 


3 As used herein, geomagnetic conjugate pOints are pOints at the 
north and south ends of a geomagnetic field bne that are at 
corresponding altitudes. 
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~particJe ionization region can be determined 
where 
from a knowledge of the size and location of the 
A = Jrea covered by fission debris in square 
debris region and the geomagneti:: field lines. 
kilometers. 
However. the geomagnetic field can be severely 
• 
Figure 8-11 shows the quasi-equilibrium 
distorted for tf'l1S of seconds after a nuclear 
electron density caused by beta particles for 


detonation. Determination of the magnetic dip 
particular values of N(3' These curves apply if the 


",fth .",,~ 1",,"'lt!0n of the conjugate point for un- 
fission debris is well above the beta stopping alti- 
disturbed magnetic-field conditions are discussed 
tude and if the debris is uniformly distributed 
in Problems 8-8 and 8-9. 
over the area A . 


• 
The location of the gamma-ray ionization 


regIon and th~ region ionized by Compton elel- 
trons escaping to the conjugate region are also 


_ 
'1I 
ated in Figure 8-10. 
The ion-pair production rate dnd elec- 
tron ensity caused by beta particles c; n be ex- 
pressed conveniently in terms of a radiation in- 
tensity parameter, Nil' dpfined by: 
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8-5 Electromagnetic p. gation in 


Ionized Regions 


_ 
An electromagnetic wave propagating 
through an ionized region does work on charged 
particles in the region an{i transfers a portion of 
the wave energy to charged-particle kinetic en- 
ergy. The electric field exerts a for~e on all 
charged particles; however ions, because of their 
larger mass, absorb less energy than electrons and 
can usuaUy be neglected (an exception is wave 
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Figure 8-11 .• Quasi-Equilibrium Electron Den.ity Due to Beta Particles. 
Oebris Altitude Greater than 60 km II 
• 
VJVl'<1gdlion at frequencies below a few hundred 
kilohertz). If the electrons do net collide with 
other particles, the energy is returned to the 
propagating wave without Joss, but the phase of 
the wave is modified. Unless the geomagi.etic 
field is parallel to the electric field of the propa- 
gating wave, some of the energy returned to the 
wave will have an electric field that is nel'Dell1d::c~ 


ionized medium. Electron collisions with other 
particles cheange the ordered motion of electrons 
into random motion (heat), and energy is ab- 
sorbed from the wave. For many cases of interest, 
detonation-produced absorption is the overrid- 
ing effect on electromagnetic propagation and it 
is the effect that is understood best. 


ular to the incident electric field. The' 
ThAVElING OISTURBANCES.IQI. 
F REGIONS OF IONOSPHERE .. 
plane waves termed the ordinary and the extra__ The preceding paragraphs discuss 
ordinary waves-which have different phase ve-~sources 
from a nuclear explosion that 
locities. One effect is to change the polarization 
of the propagation wave as it travels through the 
add to the free electron content c; the atmo- 
sphere. Following Teak and Orange (megaton 
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l 
h 


II 


detonations at altitudes of 76 and 43 kilometers, 
respectively: 1958 test series) and again during 
Operation Fish Bowl (1962 test series), the nor- 
mal E-region and F-region electron coment ap- 
peened to be disturbed by hydrodynaTJlic or 
hydromagnC'tic waves created by the detonation 
(the E-region includes the volume from 90 to 160 
kilometers altitude, 
the F-Tf"",,'1n 


about 


• 
ELECTROiiNETIC 
RADIATIONS 


• 
A heated region emits thermal radiation 
according to its temperature and emissivity. The 
emissivity at a given frequency approaches unity 


a~ the absorption becomes large (10 decibels or 
more). The fireball may remain hotter than sev- 
eral thousand degrees Kelvin for about a hundred 
second). It may be sufficiently emissive for fre- 


quencies less than a few gigahertz that systems 
with antennas pointing at the fireball would 
register antenna temperatures equal to the fire- 
ball temperature if there were no intervening 
absorption outside rhe frreball. Generally, ab- 
sorption caused by prompt and delayed radia- 
tion outside the fireball will reduce the escaping 
thermal radiation. fhe effective antenna noise 
tem!"lerature will depend on the size of the fire- 
ball ,'elative to the &ntenna beam width, the lo- 
cation of the frreball relative to the antenna beam, 
and the absorption outside the frreball, as well as 
t.perature and emissivity of the fireball. 
A second source of electromagnetic radia- 
tion m the radio band is synchrotron radiation, 
which is caused by beta particles spiraling along 
geomagnetic field lines. A spiraling beta particle 
continually accelerates, and, therefore, it radiates 
electromagnetic energy. The radiation is maxi- 
mum in the HF b'uld, and it is approximately 
inversely proportional to frequency cubed for 
higher frequencies. The radiation is concentrated 
in the direction of the vector of electron motion. 
Because of its directivity, low intensity, and fre- 
quency dependence, synchrotron radiation does 
not appear to degrade present military systems 


ABSORPTION. 


Exact expressions for the absorption or 
energy loss involve components of the earth's 
magnetic field as well as electron density, colli- 
sion frequency (number of collisions an electron 
makes per second), and wave frequency. For fre- 
quencies above about 10 megahertz and when 
bending of the wave is negligible, the incremental 
path absorption can be found from the following 
equatjon. 
N 
. 
v 


a = 4.6 x 104 
e 
dBlkm, 
(8.2) 
vi + JJ2 


where 
' 
Ne = electron density (electrons/em) 


JJ = collision frequency (collisions/sec) 
w = wave frequency (radians/sec). 


", 
j. 
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Figure 8-12. II Incremental AbsClrption Due to Electron-Neutral Collisions II 


• 
Figure 8-12 shows incremental path ab- 


~VI PLlUIi per electron per cubic centimeter as 
a function of altitude due to electron-neutral 
collisions. Above about I CO km, where the neu- 
tral particle density is low, absorption due to 
electron-neutral collisions is small; however, ab- 
sorption due to electron-ion collisions may be 
important. Figure 8-13 shows incremental ab- 
sorpti011 due to electron-ion collisions for a 
temperature of 1000 
0 K (approximate value of 


the atmospheric temperature above 200 km). 
The incremental absorption is proportional to 
(1000/T)3/2 for other temperatures. The dotteu 
portion of the curves indicates the volume where 
tht! electron density causes considerable bending 


~--------- 
- 


of the wave, and a more detailed solution is re- 
quired to obtain better values for the absorption. 
Figures 8-12 and 8-13 can be used with estimates 
of electron density (obtained from Figures 8-2 
through 8-9 and 8-11) to determine incremental 
path absorption. The integral of the incremental 
path absorption along the propagatioIl path gives 
the total path loss. Equation 8.1 and Figures 
8-12 and 8-13 neglect ion-neutral collisions, 
which are important at low frequencies (VLF and 
LF bands). Problems 8-4 through 8-7 provide 
methods for estimating total one-way path ab- 
sorption for various propagation paths. 
II As was the case for eler,tron density, it is 
convenient and useful to present absorption in- 
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Figure 8-13 .• 
Incremental Absorption Due to Electron-Ion Collisions, 


Electron Temperature = 1,OOOoK II 


d,b tl,~ r;,.,,, .I! :!!1d absorption caused by prompt 
and delayed radiation outside the fireball sepa- 
rately. With the exception of propagation paths 
that pass close to the fireball, absorption outside 
the fireball is maximum in the D-region (40 to 
90 km). Generally it is sufficiently accurate to 
consider the largest of the separate absorptions 
as the tOld 1 absorption along a particuldr proPdgd- 


• 


'Oll ath. 
Scaling relations for the attenudtion of 


loy. rcquencies (VLF and LF bands) are difficult 
to present. because the <tmounl of absorption for 
a particular propagation path depends in detail on 


lll\: penetration of the wave into t:1e atmosphere. 
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A description of low-frequency propagation in 
nuclear envirunments is given in Chapter 17. 
Scaling relations for absorption of propagdtion 
at frequencies greater than a few megahertz are 
given in succeeding paragrdphs; however detailed 
solutions of absorption for propagation paths 
associated with communication and radJr systems 
usually require numerous calculations that can- 
not be obtained readily from simple hand- 
computation procedures. Figure 8-14 shows the 
burst conditions (detonation altitudes and yield) 
for which prompt and delayed radiatIOn can cause 
absorption outside the fireball. The figure can be 
used in conjunction with the discussion in para- 
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Figure 8-14.11 Radiation Sources C:.using Absorption Outside the Fir~ball II 
• 
graphs 8-7 and 8-8 to determine whether ab- 
sorption outside the frreball need be considered 
and which radiation sources are important. 


8-6 Absorption Within the Fireball • 
• 
Fireball ionization is localized and 
intense: for most purposes, the fireball may 
considered opaque at all radio frequencies for at 
least a few seconds. Calculations ot the magnitude 
of absorption at a given time, or the..duration of a 
given magnitude of absorption, are subject to 
considerable error because of uncertainties in 
predictions of the electron density within the 
fireball (see paragraph 8-1 ) and the frreball geom- 
etry. Methods for estimating fireball size and 
absorption through the fireball are given in Prob- 
lems 8-1 through 8-4 . 
..a 
For detonations below about 80 km and 
weapon yields greater than I 00 J\~, absorption 
through the fireball is expected to exceed 25 
decibels for about 50 seconds at 10 gigahertz 
and for longer than 100 seconds at I gigahertz. 


Bec~use the fireball rises a significant distance 
during these time periods, the duration of deg- 
radation due to absorption will generally be 
determined by the relative motion of frreball 
and propagation path. 


paragraph 8-4 for debris above the beta-particle 
stopping altitude (60 km). The location of the 
absorption region is offset from the debris region 
8-7 Absor"tion Caused 
because of the effect of the geomagnetic field on 
Outside the Fireball 


• 


the motion of beta particles, as illustrated in 
Absorption outside the frreball caused by 
Figure 8-10. The horizontal radius of the ab- 
prompt radiation may last from tens of seconds 
sorption region is approximately equal to the 


in the VHF band to tens of minutes in the HF 
debris radius. This radius can vary from a few 
band for daytime conditions. At night the ab- 
kilometers to a few thousand kilometers depend- 
sorption decreases more rapidly. For bursts be- 
ing on weapon yield, detonation altitude, and 
low about ] 00 kilometers, the horizontal radius 
time after burst. 
of the prompt ~bsorption region only exten~s a-&iHASE CHAhlGES • 
few hundred kilometers from the burst pomt.; 
for higher detonations the extent can be much 
Phase cbanges resulting from propagation 
longer. 
through a region of uniform electron density 


8-8 Absorption Caused b~layed :. adiation 


Outside the Fireball .. 


• 
Absorption caused by delayed radiation 
(gamma rays and beta particles) is a function of 
the location and distribution of the fission debris. 
Estimates of debris rise and expansion for use in 
computing delayed-radiation effects are given in 
p.blems 8-1 through 8-3. 
Delayed gamma rays can produce signif- 
i 
bsorption when the debris is at altitudes 
above about 25 kilometers. Problem 8-6 describes 
methods that can be used to estimate one-way 
path absorption. The horizontal extent of the 


~~;;~.;::i.:>r: region caused by gamma rays de- 
pends on weapon fission yield, debris altitude, 
time after burst, and wave frequency. The insert 
in Figure 8-9 shows the maximum possible extent 
of ionization and, thus the maximum extent of 
absorption; for most cases the region of significant 
absorption will be smaller. 
__ When the debris is above about 60 kilo- 
meters, beta particles produce D-region absorp- 
tion at the burst locale and 011 the opposite side 
of the magnetic equator., Figures 8-49 through 
8-51 can be used to obtain estimates of absorp- 
tion .::aused by beta particles in terms of the beta- 
radIation lOtensity parameter that was defined in 
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affect propagation velocity and signal charac- 
teristics. Relative phase changes due to gradients 
in electron density change the direction of propa- 
gation and scatter energy from the propagating 
wave. Some phase effects become important only 
for electron densities that cause significant ab- 
sorption. Evaluation of direction changes and 
scattering requires detailed information c01"(;ern- 
ing the spatial distribution of electron density, 
which is difficult to predict theoretically and 
for which there is only limited experimental data. 


8-9 Velocity of Propagation • 


• 
Within an ionized region the phase ve- 
locity is increased over that in vacuum, but the 
group velocity, associated with the transmission 
of energy, is reduced. The increased time re- 
quired to propagate energy through the region 
is proportional to the integral of electron density 
along the propagation path. Typical values of 
time delays associated with ionization cau!:ed 
by nuclear bursts range from a few nanoseconds 
to a few tens of microsecondf-. The larger time 
delays usually are accompanit!d by significant 
absorption when the ionized region occurs below 
100 km. 
II 
The phase velocity in an ionized region 
depends on the frequency. Therefore, the region 


,.> 


~ 


• 
separate~ waves of different frequencies, i.e., the 
region is dl~persive. The significance of disper- 
sion depends critically on the type of signal being 
propagated and the type of signal processing 
being employed. For frequency-modulated sig- 
nals, dispersion causes intermodulation and har- 
monic distortion. For digital systems, dispersion 
causes pulse-envelope distortion. Dispersion ef- 
fects caus~d by electrons below 100 kiiometers 


dPl1t::<Ji 10 Ol! negligible when compared to ab- 
sorption. At higher altitudes. electrons can only 
cause important dispersion effects for wide-band 
signals (bandwidths of the order of I percent or 
more of the carrier freQuen~y), and these effects 
will probably only occur for propagation paths 
through fireball regions after the electron density 
has decreased sufficiently that absorption is not 
overriding. 


8-10 Frequency of Propagation II 


• 
A time-dependent phase change is equiv- 
alent to a. frequency shift. The frequency shift is 
proportional to the time rate of change of the 
electron density integral along the propagation 
path. Frequel.::.-y changes may be caused by 
changes in electron density with time along a 
fixed propagation path or by motion of the pro- 
pagation path in a region of inhomogeneous elec- 
tron density. For a fixed propagation path, fre- 
quency changes caused by nuclear-weapon- 
produced IOnization are small {a few hertz for a 
10 megahertz signal, by a few seconds after 
burst. Larger frequency changes may occur when 
the propagation path movel:> through regions of 
high electron density, such as the fireball; how- 
ever, in those cases absorption generally will be 
overriding. 
8-11 
Direction of Propagation tI 


• 


Spatial gradients in electron-density can 
c dllge the direction of propagation. When the 
electron density gradient is steep, part of the 
energy can be reflected. Reflection is important 


In the propagation of low frequenciec; (tens of 


kilohertz) over paths that are remote from the 
fireball. It also may be important in the propa- 
gation of much higher frequencies for paths that 
pass near the fireball, where high electron density 


"' 


. nts can exist. 
Smaller electron-density gradients cause 
ray 
ending (refraction). Refraction in the am- 
bient ionosphere (E- and F-region) is important 
for beyond-the-horizon propagation in the HF 
band. For radar systems. refraction in the D- 
region caused by nuclear-burs!-produced iOI11- 
zation normally is accompanied by significant 
absorption. Possible exceptions may occur if the 
propagation path passes close to the fireball or 
close to l~gions ionized by b~ta particles (par- 
ticularly \\ hen the propagdtion path h nedrly 
parallel to the geomagnetic field lines). Changes 
in the E- and F-region electr"lll density caused 
by the fireball :>r by traveling disturbances may 
modify HF and VHF propagation significant!y. 
E- and F-region election densities sufficient to 
change the direction of propagation at higher 
frequencies by a few degrees can occur without 
causing significant absorption. 


8-12 Scatter and S.'intillation • 


• 
Inhomogeneities in the propagation me- 
dium (variations in the dielectric cOl1sta!1t of the 
medium) cause a small amount of incident energy 
to be scattercd away from the original propa- 
gation direction. The direction of scatter depends 
on the shape of the inhomogeneities and their 
orientation relative to that of the incident beam. 
Energy that is forward scattered as the wave 
traverses inhomogeneous regions can cause fluc- 
tuations in the amplitude and the phase of the 
wave, called scintillation. The phase fluctuatioll<: 
are equivalent to fluctuations in the direction of 
propagation that result in random v.lfiatiolls in 
the angle of arrival of recf.ived signals. Smdl 
amounts of backscattered energy can produce 
interference to radar systems called clutter. 
II The analysis and quantitative description 
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SURFACE SCATTERING COEFFICIENT 


"":._-: ~.15 .• 
Apparent Fire~~11 Surface Scattering Coefficient at 400 MHZ • 
• 
of scatter requires a statistical model of the - 
Significant backscatter has been observed 
spatial distribution of inhomogeneities in the --=-rireball regions from a few tens of seconds 
propagating medium. Sufficient information 
to a few minutes after burst. Figure 8-15 shows 
from which such models could .be constructed 
the general order of magnitude of the surface 
for nucJear-weapon-produced ionization is not 
scattering coefficient (multiply by the area of 
available. There are limited experimental data 
the scattering surface to obtain radar cross sec- 
from nuclear weapon tests concerning backscat- 
tion) derived from experimental data. Below 
ter; however, interpretation of these data is 
about 20 km, scattering is apparently due to vari- 
difficult, and sufficient infOlmation for the con- 
ations in air density across fueball boundaries 
struction of a complete empirical model is not 
and across shock waves. For surface bursts, dust, 
available. 
dirt, and water vapor appear to cause backscatter 
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.. 
, 
. 


• 
• 


( 


-from the stem of the rising cloud. Backscatter 
from fireballs above 20 km can be explained in 
terms of partial reflection, or scatter from in- 
homogeneities in electron density in the fireball 
or in the shock fronts. The cross section appears 
to decrease with increasing frequency. The mini- 
mum in the apparent cross section near 20 km is 
due to several mechanisms, the prime of which is 
the absorption sheath caused by beta t:articles 
escaping from the fireball. The scattering coef- 
ficients shown in Figure 8-15 are only illustrative; 
observed values vary over an order of magnitude, 
. depending on the relative geometry of propaga- 
tion path and fireball, the characterIstics of radars 
used in obtaining the data, and the time after 
burst . 


• 


Backscatter is also observed from regions 
o 
~ a-aligned ionization (ionized regions that 
are elongated along the geomagnetic field, often 
referred to as auroral ionization) which can be 
produced above about 80 km by beta particles. 
Field-aligned ionization can also occur within 
the fIreball after a few tens of seconds for deto- 
nations above about 80 kilometers. The magni- 
tude of backscatter is aSF .. l sensitive; maximu 1 
backscatter occurs whf'n the propagation path .s 
normal to geomagnetic field lines. Backscattt. 
from field-aligned ionization is thought to be a 
volume effect; vclume scattering coefficients of 
about 10-13 m2 /m3 at 400 MHz have been ob- 
served from beta-particle ionization regions. Sig- 
nificantly larger coefficients may occur from 
field-aligned ionization caused by the fireball. 
The cross section scales inversely as about the 
4.5 power of frequency. Returns have been re- 
corded for several hours after burst. 


_ 
SECTION II 


METHODS FOR CALCULATING 
ABSORPTION OF RADIO 


FREQUENCIES • 


• 
As discussed previously, absorption fre- 


quently is the most important phenomena af- 
fecting propagation of radio frequencies; how- 
e·ver, detailed solutions of absorption for propa- 
gation paths associated with communication and 
radar systems usually require numerous computa- 
tions that cannot be obtained readily by hand 
calculations. The procedure for calculating ab- 
sorption that are described below offer a means 
for obtaining reasonable estimates of radio fre- 
quency absorption fer many situations of interest, 
however, the user should maintain awareness of 
the limitations defined for ea,:h of the cal- 
culations . 


• 


The calculation of the absorption of radio 
fr 
~ncies will be described separately for three 
conditions: absorption of propagation paths going 
through the fireball, absorption caused by prompt 
radiation outside of the fireball, and absorption 
caused by delayed radiation outside of the fire- 
ball (this last condition is divided further into 
absorption caused by delayed gamma rays and 
ab.or tion ~aused by delayed beta particles). 
Prior to the determination of the absorp- 
tion along any of the paths discussed above, the 
size and location of the fireball regIOn and/or 
the debris region must be determined. The spatial 
and temporal characteristics of the fireball and 
the debris regions created by nuclear bursts are 
complex. Idealized geometric model:. have been 
adopted for the purpose of analysis. The dimen- 
sions of three scaling models, based largely on 
interpolations of data from high-altitude nuclear 
tests, are used to represent detonations in three 
burst altitude regimes; below 80 kilometers, be- 
tween 85 and 120 kilometers, and above 120 
kilometers. The characteristics of the fireball 
and the debris are discussed separately for these 
three burst altitude regimes in succeeding para- 
graphs. Figure 8-16 illustrates the idealized geo- 
metric models referred to in the discussions. 
Dimensions shown in Figure 8-16 are defined 
in the discussions or in the illustrative prob- 
lems that follow. 
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8-13 Size and location of Fireball and 
Debris Regions for Detonations 
Below 85 Kilometers II 


- 
When a nuclear weapon is detonated at 


~tude below about 85 kilometers. the fIre- 
ball initially is a reasonably well defIned ar.d 
relatively small spherical region (see Chapter 1). 
After the fireball is formed, it expands and rises 
above the detonation' point, carrying the fIssion 
debris with it. Depending on the weapon yield 
and the detonation altitude, the fireball may 
become toroidal in shape as it rises. After rising, 
the fIreball will become stabilized in altitude 
and will diffuse into a pancake shape. 


• 
If the fIreball rises above 200 kilometers, 
it 1S assumed to fall back to 200 kilometers. If 
the peak altitude of the fireball is less than 200 
kilometers, it is assumed to stabilize at its peak 
altitude. 
.. The initial fIreball radius is the parameter 
~o 
determine whether the fIreball will form 
a toroid. The toroid is assumed to transform into 
a pancake at 7 minutes after burst. with a vertical 
thickness equal to the vertical dimension of the 
toroid at 7 minutes. If the fireball does not form 
a toroid, the fireball is assumed to transform 
from a sphere to a pancake when the radius be- 
comes 1 00 kilometers. The vertical thickness of 
the pancake is assumed to be 100 kilometers. 


• 
The model provided for determining the 
locatIon of the debris is intended for calculation 
of delayed-radiation (gamma rays and beta par- 
ticles) effects. For times later than a few tens of 
minutes after burst, the size and location of the 
debris region will depend on atmospheric winds 
and dIffusion, and the model may be consider- 
ably In error. 
.. 
Figures 8-19 through 8-25 are used to 


d~ine the spatial and temporal history of 
the fIreball (and the debris), for bursts that 
occur below 85 kilometers. 


8-14 Size and location of Fireball and 
Debris Regions for Detonations .- 
Between 85 ar~d 120 Kilometers 


When a nuclear detonation occurs be- 
tween 85 and 120 kilometers, the fireball trans- 
forms from a sphere to a cylinder or tube aligned 
along the geomagnetic fIeld. The model used for 
the calculations described herein assumes that 
the fireball stabilizes at its maximum altitude 
above ground zero. The fireball radial dimension 
also is assumed to remain constant after 7 min- 
utes. A fireball region is not defined for times 
10ler than 2 hours after burst. 
Delayed radiation (gamma lays and beta 
par ldes) is assumed to be emitted 'from a ~ingle 
debris pancake, which is assumed to rise with the 
fireball and then to settle slowly along the geo- 
magnetic field until it reaches 200 kilometers 
altitude at approximately 2 hours after burst. 
As the debris settles, the center is offset from 
ground zero toward the nearest magnetic pole, 
as illustrated in Figure 8-17. Figures 8-19 through 
8-29 are used to determine the spath I and 
temporal history of the fIreball (and the debris) 
for bursts that occur at altitudes between 85 
and 120 kilometers. 


8-15 Size and location of Fireball and 
Debris Regions for Detonations 
Above 120 Kilometers II 
• 
Theoretical and experimental data are 
incomplete for this altitude region; therefore, 
scaling relations are given only for a few para- 
metric yields and detonation altitudes. Three 
shapes are used to model the fIreball region: a 
sphere, a pancake, and a cylinder or tube aligned 
along the geomagnetic field. Figure 8-16 mus- 
tr.te the fIreball geometry. 
As the detonation altitude is increased 


atiove 120 kilometers, the debris is distributed 
over a larger region. Some debris can be trans- 
ported across the magnetic equator. The single- 
pancake debris region used at lower altitudes to . 
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Figure 8-17 .• 
Debris Behavior for Detonation Altitudes Greater Than 85 km • 
• 
model delayed radiation effects is not adequate, 
II 


UltiPle regions are used. 


Up to three debris regions are used to 
e ermine the delayed radiation resulting from 
detonations above 120 kilometers. Figure 8-18 
illustrates the geometry. Two of these regions 


'::~e:~"" : .. ;,<1 2) model debris in the burst 
region, and the third (Region 3) models debris 
tran!>ported across the magnetic equator to the 
conjugate region. For convenience and because 
little is known about the debris location in the 
conjugate region, the beta-particle ionization in 
the burst and conjugate regions associated with 
Debris Region 3 is assumed to coincide with that 
associated with Debris Region 1. Debris Region 3 
is used to compute gamma-ray ionization in the 
conjugate region. For weapons detonated above 
250 kilometers, Region 2 is used to determine 
ma-ray and beta-particle ionization. 
in the model used herein, the fraction of 
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debris transported across the magnetic equator is 
assumed to be independent of geomagnetic dip 
angle for detonations above 250 kilometers. A 
small amount of deb,is can reach the conjugate 
region for detonations below 250 kilometers and 
low jip angles. The time required for the debris 
to reach the conjugate region depends on detona- 
tion altitude and geomagnetic dip angle; how- 
ever, for purposes of calculating delayed gamma 
radiation, the debris can be assumed to reach the 
conjugate region immediately after burst. 


_ 
About 20 percent of the debris for dete- 


n 
101 above "120 kilometers is not accounted for 
in the model. This debris is assumed to escape to 
large distances; some may be carried into space 
and some may be spread world-wide. At least 
part of this debris will be trapped on the mag- 
netic field lines above the burst. While this debris 
probably i:; not important for single bursts, it 
could cause significant delayed radiation after 
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Figure 8-18 .• 
Illustration of Oebris and Beta-Particle Absorption .e 
ion .. for Times 
later Than 10 Minutes After Burst, Ho Above 120 km' 
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le weapon detonatiolls. 
After rising to peak altitude, the three 
e rIS regions are assumed to settle along the 


geomagnetic field lines until they reach ~OO 
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kilometers altitude at about 2 hours after burst. 
The debris regions are offset from ground zero 
or the conjugate of ground zero toward the 
magnetic pole. 


( 


Problem 8-1 
Calculation of Fireball Size, Shape, and Location 
for a Burst Below 85 Kilometers 


... Figures 8-19 through 8-25' contain fam- 
i~f curves with which the size, shape, llnd 
location of the fireball resulting from a nuclear 
detonation below 85 kilometers may be esti- 
matd. For bursts in this altitude regime, the 
debris altitude hd is assumed to be the same as 
Ihl: fir~bali altitude hib. The debris is distributed 
non-uniformly within the fireball region. How- 
ever. for simplified calculations of delayed radia- 
tion effects, the debris region can be assumed to 
be a th!n pancake region with radius Rd equal to 
the fireball radius Rjb' 
.. 
The altitude of the fireball at a time t 


a""'urst is obtaine~ from Figures 8-19 through 
8-22 by a series of steps, as follows: 
1. 
Enter Figure 8-19 with the weapon yield 
and detcnation altitude ho to obtain hr' the 
distance the fireball will rise above the detona- 
tion po~nt. The maximum fireball altitude h 
. 
' m' 


IS 


hm ::::: ho + hr km. 


Enter Figure 8-20 with hr to obtain the time 
required to reach maximum altitude t r' If t ~ t r 
<'nd Itm ~ 200 km, go to 3; otherwise go to 2. 
2. 
If t < t r' enter Figure 8-21 with time 
after burst and It, to obfain hN, an altitude 
normalizing factor. If hm > 200 km, enter 
Figure 8-22 with l' = t/tr to obtain fh' the fire- 
ball height factor. 
. 3. 
Compute hlo' the firebaH altitude at 


tIme t: 


(ho + hNh,) km 


when I < I, 


hm 
km 


when t ~ tr , hm < 200 


[200 + fh (hm - 200)] 
km 


when I > I" hm > 200 


• 
The radius and shape of the fireball at a 
time I after burst are obtained from Figures 8-23 
thro1ilgh 8-25, as follows: 


1. 
Enter Figure 8-23 with weapon yield 
and detonation altitude ho to obtain the initial 
frreban radius Ro' If Ro < 4 km, go to 2; other- 
wise go to 3 when t < 7 minutes or go to 4 when 
;> 7 minutes. 
2. 
Determine t toroid' the time of toroid 
formation, from Figure 8-24 by selecting the 
fireball radius curve for the value of R deter- 
. d 
0 
mme 
above, by locating the intercept of this 


curve with the toroid formation time curve, and 
by reading Itoroid on the abscissa. 
3. 
Enter Figure 8-24 with the time of in- 


te:est t and the initial fireball radius Ro' Deter- 
mme Rib' :he fireball radius at time I, then go 
to S. 


4. 
Enter Figure 8-24 with I = 7 minutes 
and the initial fireball radius R ; obtain the frre- 


b~ll radius at 7.minutes after b~rst,Rjb(7). Enter 
FJgure 8-25 with t and hm to o"b!,in M. Com- 
pute Rfb' as follows: 


RIb = Rjb(7) ... AR. 


5. 
The fireball will be a 


sphere if Ro ~ 4 km and • < I toroid' or if 


Ro > 4 krn and Rjb < 100 km; 


toroid if Ro < 4 km and I toroid < t < 7 minutes; 


pancake if Ro ~. 4 km and I ~ 7 minutes, or if 


Ro > 4 km and Rib ~ 100 km. 


If the fireball shape is a toroid, compute the 
inner toroid radius: 
_ Rib 


Rinner - -2- 
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" 


• 
If the fireball shape is a pancake, compute the 
pancake semithickness: 


50 
Ro > 4 km. 


• 
Examrylell 
Gil'ell: A 1 Mt weapon burst at an altitude 
of 50 km. 


Find: The size, shape, and location of the 
fireball and debris region 2 minutes after the 
burst. 
Solution: 


a. From Figure 8-19 h, ~ 50 km for a 
I Mt weapon burst at 50 km. 


b. hm = ho + h, = 50 + 50 = 100 km. 


c. From Figure 8-20, I, = 10 min for h, = 
50km. 


d. From Figure 8-21, hN = 0.6 for t = 2 min 
and It, = 50 km. 


e. Since t < I,. 


8·30 


hJb = ho + hNhr = 50 + (0.6)(50) = 80 km 


f. From Figure 8-23, Ro :: 2 km for a 


I Mt weapon detonation at 50 km. 


g. From Figure 8-24, tloroid :: 1.7 min for 
Ro = 2 km. 
h. From Figure 8-24, RJb :: 30 km 2 min 
after a burst with Ro :: 2 km. 


i, Since tloroid < t < 7 minutes, the fireball 
shape is a toroid, anel 


Rfb 
30 
Rumer = 2-- = T = 15 km. 


Answer: The fireball is a toroid centered at 


80 kilometers altitude. The outer radius is 30 
kilometers and the inner radius is 15 kilometers 
(see Figure 8-16). The altitude and radius of the 
debris pancake are 80 kilometers and 30 kilo- 
M 


s. respectivel!! 


Reliability 
The size and location of 
t e debris region epend on atmospheric winds 
and diffusion. Since these effects are neglected 
in the model descrir.ed herein, the results pre- 
dicted by the model may be considerably in 
e. Related Ji1ateria/ll See paragraph 8-13. 
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Figure 8-19 .• 
Maximum Fireball Rise II 
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Figure 8-20 .• 
Time for Fireball to Reach Its Maximum Altitude • 
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Figure 8-22.. Fireball Height Factor. 
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Figure B~23.. Initial Fireball RadiUS. 
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Figure 8-24 .• 
Fireball Radius. 
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Figure 8-25 .• 
Change in Fireball/Debris-Region Radius After Sever Minutes. 
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Problem 8-2 Calculation of Fireball Size, Shape, a~ld Location 
for a Burst Between 85 and 120 kilometers 


ta. Figures 8-19 through 8-29 contain fam- 
~ 
curves with which the size) shape, and 
location of the flfeball resulting from ~ nuclear 
detonation between 85 and 120 kilometers may 
be estimated. For bursts in this altitude regime, 
the fireball transforms from a sphere to a cyl- 
inder or tube aligned along the geomagnetic field 
line. A fireball region is not defined for times 


_ 
burst greater than 2 hours. 
The altitude of the frreball at a time I 


a fer burst is obtained from Figures 8-19 through 
8-21 by a series of steps) as follows: 
1. 
Enter Figure 8-19 with weapon yield W 


and detonation altitude ho to obtain h" the 
distance the fireball will rise above the detona- 
tion point. The maximum fireball altitude, hm• 
is 


lzm = h, + ho 
km. 


Enter Figure 8-20 with h, to obtain the time to 
reach maximum altitude tT' If I ;;<iI: I, go to 3; 
otherwise go to 2. 
2. 
If I < I" enter Figure 8-21 with time 
after burst and h, to obtain hN' and altitude 
normalizing factor. 


3. 
Conmute hjb' the fireball altitude at 
time t: 


f 


(hO + hNh,J km 


I < I, minutes 


hjb = 
,hm km 


\ 
I, < t < 120 minutes 


• 
The radius and shape of the fireball at a 
time t after burst are obtained from Figures 8-23, 
8-24, and 8-26, as tallows: 
) . 
Enter Figure 8-23 with weapon yield and 


detonation altitudt: ho to obtain fireball radius 
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Ro' Enter Figure 8-26 with weapon yield to ob- 
tain the magnetic equilibrium radius Req' Deter- 
mine the time to reach Re ,t', from Figure 8-24 
by selecting the fireball raSius curve for the value 
of Ro obtained from Figure 8-23 and by deter- 
mining the time when the fireball radius (Rfb) is 
equal to Req. If t > t', go to 3; otherwise go to 2. 
2. 
Enter Figure 8-24 with t and Ro to ob- 
tainRjb' the fireball radius at time t. Go to Step 4. 
3. 
ComputeRjb: 


fReq + (t - II Ro 
km 
t < 7 minutes, 


(Req + (7 - II Ro) km 


I ;;<iI: 7 minutes. 


4. 
The 1 reball shape will be a 


sphere jf I < I' 


tube if I > I: 


• 
If the time of interest I is greater than t : 


the time to reach the magnetic equilibrium radius, 
the tube fireball dimensions are obtained as 
follows: 
1. 
If t' > I, (obtained from Figure 8-20 


above), go to 2; otherwise enter Figure 8-21 
with I = I • and h, (from Figure 8-19) and obtain 
hN(t I. 


2. 
Compute hjb(t '): 


(ho + hN(1 ')h,J 
km 
t' < t r minutes, 


hm 
km 
t' > t, minutes. 


Compute the altitude of the base of the 


• tube hb (Ilb is taken as the altitude of the 
base if hb > 200 km): 


hb = h.fbfl J - Req 
km. 


Compute the length of the fireball up 
the tube in the direction of the magnetic 
field lim, Lup: 


Lup = 6 (I - tJ Ro + Rjb 
km. 


Compute the quantity L': 


hjb - hb 


sin!p 
km 
h b ~ 200 km 
L'= 
hjb - 200 . 
sin!p 
km 
h b > 200 km, 


where !p is the magnetic dig angle at the burst 
location. If the magnetic dip angle is not known 
for the burst location, it can be determined from 
Figure 8-54. The length of the fireball down the 
tube will be the smaller of Lu and L : 
• 
If the time of interestt is equal to or less 


tnan 1 r' the time to reach maximum altitude, or 
if the maximum fireball altitude, hm, is less than 
200 kilometers, the debris altitude, hd, is deter- 
mined from the fireball altitude as described be- 
low. If 'he. time of intere-<;t is equal to or greater 
than the time to reach maximum altitude (1 ;> t ,), 
and the maximum frreball altitude is greater 
than 200 kilometers (Ilm > 200), Figure 8-27 is 
entered with the quantity (t - tr) to obtain the 
debris height factor fh' The debris altitude is 
then determined as follows: 


hjb 
km 
t <.; Ir min 


hm 
km 


I ~ Ir min, hm ~ 200 km 


[200 + fh(hm - 200)] 
km 
t ~ Ir min, hm ;> 200 km 


• 
If tile ma~imum fireball altitude, hm• is 
equal to or less than 200 kilometers, the debris 
offset is zero (see Figure 8-17), If hm is greater 
than 200 kilometers, enter Figure 8-28 with hm 
and the magnetic dip angle, !p, to obtain the max- 
imum debris offset Dd, Then enter Figure 8-29 
with the quantity (t - I r) to obtain a value of the 
debris offset correction factor fo' The debris 
offset, tld, is: 


tld = fOD(: 
fhm > 200 kIll). 


• 
The radius of the debris is obtained from 
previously determined dimensions, as follows: 


I ~ 120 minutes 


[Req + (7 - I') Ro 
+ 3 (t - 
120)] 
km 


I > 120 minutes 


• 
ExamPleti 
Given: A I Mt weapon burst at an altitude 
of ] 00 km, at a location where the magnetic dip 
angle. !p, is 60°, 
Find: The shape, size, and location of the 
fireball, and the altitude, radius, and offset of 
the debris region 20 minutes after the burst. 


Solution: 


a. From Figure 8-19, hr ::: 800 km for a 
I Mt weapon burst at 100 km. 


b. hm ::: hr + ho ::: 800 + 100:::: 900 km. 


c. From Figure 8-20, Ir ::: 7 minutes for 
hr = 800 km. 


d. Since IT < t, 


e. From Figure 8-23, Ro ::: 15 km for a 
I Mt burst at 100 km altitude. 


8--39 


- 
~------------~ 
• 
f. From Figure 8-26, Req = 100 km for a 
1 Mt weapon. 


g. From Figure 8-24, t' = 0.9 min for 
Ro = 15 km and Rfb = Req = 100 km. 
h. Since t > 7 min, the fireball shape is a 
tube, and 


Rfb = Req + (7 - t ') Ro 
= 100 + (6.1)(15) = 192 km 


i. From Figure 8-21, hN( t) = 0.25 for 
t = t' = 0.9 min and h, = 800 km. 


j. Since t' < t" 


hfb(t'} = ho + hN(t'} h, 
= 100 + (0.25)(800) = 300 km. 


k. The height of the fireball base is 


1. The length up the fireball tube is 


L • .lp = 6(t - t'} Ro + Rfb 


= (6)(19.1)(15) + 192 = 1911 km 


m. Since hb = 200 km, the quantity L 'is 


L . = hn.. - hb 
900 
200 
J;m I{J 
= 
0.87 
= 810 km 


n. Sin~e L . < Lup 


Ldown = L' = 810 km. 


o. Since t > t, andhm > 200 km, tl.e quan- 
tity fh must be determined from Figure 8-27. 
Entering Figure 8-27 with 1 - t, = 13, the quan- 
tity is determined to be 


fh = 0.9. 


The altitude of the debris is, therefore, 


hd = 200 + fh(hm - 200) 


= 200 + (0.9)(900 - 200) = 830 km. 


p. From Figure 8-28, the maximum debris 
offset D d = 350 km for I{J = 60° and hm = 900 km. 
From Figure 8-29, the debris offset correction 
factor isfo = 0.1 for (1 - t,) = 13 min. Therefore, 
the debris offset is 


!:J.d = J~D d :- (0.1 )(350) = 35 km. 


q. Since 1 < 120 minutes, 


Answer: 


a. The fireball is a tube with dimensions as 
follows (refer to Figure 8-16): 


hfb = 900 km, 


Rfb = 192 km, 


Lup = 1911 km, 


Ldown = 810 km. 


b. The debris region is a pancake with a 
radius of 192 km centered at an altitude of 830 
km. It is offset 35 km towards the north pole 
fr.he burst pOilefer to Figure 8-17). 
Reliability 
The size and location of 
the fireball and 
ebris, particularly late time 
debris expansion, are affected by atmospheric 


wind~ and diffusion. Since these effects are ne- 
glected in the model 1escribed herein, the re- 
sults predicted by the model may be co.lsiderably 
in error. 
• 
Related Materic. See paragraph 8-) 4. 
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Problem 8-3 Calculation of Size, Shape, and Location of Fireball and Debris 
Regions for a Burst Above 120 kilometers 


• 
Table 8-2 and Figures 8-27 through 8-38 
contain data with which estimates may be made 
of the size, shape, and location of the fireball and 
the debris regions for nuclear detonations above 
120 kilometers. As discussed in paragraph 8-15 
and shown in Figure 8-18, three separate debris 
regions are considered. Three shapes are used to 
model the fireball region: a sphere, a pancake, 
and a tube (cylinder) along the geomagnetic 
f~he shapes are illustrated in Figure 8-16. 
_ .... Table 8-2 is used to determine the fireball 
size, shape, and location (note that time after 
burst is given in seconds in Table 8-2). The table 
provides relations for a few parametric yields and 
detonation altitucies. In view of the uncertainties 
in both theoretical and experimental data in this 
burst altitude regime, interpolation between sec- 
tions of Table 8-2 is not warranted. Data pro- 
vided in the table fc {the yield and altitude com- 
bination nearest to those desired should be used. 
If either the desired yield or the desired detona- 
tion altitude is midway between values given in 
the table, values for the next higher yield and/or 
detonation altitude should be used. The phenom- 
enology is very uncertain for yields greater than 
10 Mt. If estimates are required for yields greater 
than 10 Mt, the dimensions and location given 
for a 10 Mt burst should be used: Table 8-2 
indicates the shape of the fIreball for the various 
yields and burst altitudes as a function of time 
(in seconds) after burst. The size and location of 
the fireball are determined as described below. 
1. 
If the fIreball is a sphere, the fIreball 
altitude, hlb' and fireball radius. Rib' are read 
directly from Table 8-2 for the time of interest. 
2. 
If the fIreball is a pancake, the fIreball 
altitude, hfb' and the fireball radius, Rib' are 
read directly from Table 8-2 for the time of in- 
terest. The semithickness of the pancake in kilo- 


meters (see Figure 8-16) is equal to the value 
shown in the column headed "x" in Table 8-~. 
Together, these values provide the size and loca- 
tion of the fireball at the desired time. 
3. 
If the fireball is a tube, the fireball alti- 
tude, hlb' and fireball radius, Rib' are once again 
read directly from Table 8-2. The fireball lengths 
up and down the tube (see Figure 8-16) are deter- 
mined from the values in the columns headed 
"x" and "y" in Table 8-2, as foli?ws: 


Ldown = hfb - 200 
Isin 'PI 
km, or 


x 
Ldown = 21sin 'PI 
whichever is smaller, 


L 
= 
Y 
km, 
up 
21sin 'PI 


where 'P is the magnetic dip angle at the burst 
point. If the magnetic dip a_1gle is not known, it 
can be obtained from Figure 8-54. A negative 
value for y in Table 8-2 means that both x and y 
are dimensions down the geomagnetic field and 


th~eball is below hfo. 
• 
Figures 8-30 through 8-38 cu. tain fam- 
ilies of curves with which the size and location of 
the three debris regions may be estimated. Once 
again, the uncertainties in the data are such that 
interpolation between figures is not warranted. 
Data on the figure for the yield nearest to that 
drsired should be used. If the desired yield is 
midway between values provided, data for the 
next higher value r,hould be used. 
II 
The fraction of the total weapon debris 
in each of the debris regions is obtained by use 
of Figure 8-30 and the calculations described 
below. Enter Figure 8-30 with the magnetic dip 
anp.le '" and the altitude of detonation ho to ob- 
tain the traction of debris going to debris region 
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• 
3, X (see Figure 8-18). Compute the fraction of 
the debris in each of the three regions as follows: 


=t8 -X 
ho ~ 250 km, 
FFI 


0.6 - X 
ho > 250 km, 


=t 


ho ~ 250 km, 
FF2 
ho > 250 km, 


FF3 = X, 


where FF 1, FF2, and FF3 are the fractions of 
total weapon debris in regions I, 2, and 3, re- 
spectively. Th(' sum of the three fractions is al- 
ways less than 1.0, since some debris is assumed 
tiles 
ape to long distances (see paragraph 8-15), 
The altitude, hd' for debris region I is 
o amed from Figures 8-31 through 8-34 by 


se~ecting the figure with the yield closest to that 
desired, and by determining hdJ for the time and 
burst altitude of interest. The maximum ~ltitude 
to which the debris rises in region I ,hmJ should 
also be obtained for use in determining the debris 
offset as described later. 


- 
The debris radius,Rd1,for debris region I 


~ined from Figures 8-35 through 8-38 by 
selecting the figure with the yield closest to that 
uc:.ired, and by determining Rd1for the time and 
burst altitude of interest. 


• 


If t ~ 10 minutes, the offset for debris 
r 
n 1, !J.d, is zero. If t > 10 minutes, the off- 
set of debris region 1 is determined as follows. 
1. 
Obtain the maximum debris ofiset Dd 
from Figure 8-28 for hm = hm1 , as deter' .• lined 
abovt , and the magnetic dip angle, I{>, of interest. 
2. 
Calculate T: 


T = t - 10 min. 


Enter Figure 8-29 with T to obtain the debris 
offset correction factor 10 , 


3. 
The offset of debris region I is 


!J.d 1 :: 10D d 
km. 


• 
Debris region 2 is only defined for bursts 
above 250 km. The size and location are deter- 
mined by a series of steps, as follows. If t ~ 10 
minutes, go to 2; otherwise go to I. 
1. 
Enter Figure 8-27 with T = t - 10 min to 
obtain the debris height correction factor Ih ., 


2. 
Compute the maximum altitude, hm2' for 


d~bris region 2: 


h 
- h 
+ 500 ",1/3 km 
m2 - 
0 
n 


Compute the altitude for debris region 2 at time t: 


hm2 
km 
t ~ 10 min, 


200 + Ih(hf) + 500 Wl/3 - 200) km 


t > 10 n in, 


where W is the weapon yield in megatons. 
3. 
Compute the radius for debris region 2, 
Rd2 : 


500 Wl/3 km 


t ~ 120 min, 


500 Wl/3 + 3 (t - 
120) km 


t > 120 min, 


4. 
If i ~ 10 minutes, the debris offset, !J.d 2' 
equals zero. If t > 10 minutes, !J.d 2 is determined 
from Figures 8-28 and 8-29. Enter Figure 8-28 
with magnetic dip angle, I{>. and hm = hm2 to ob- 
tain D d' Calculate T: 


T = I - 
10 min. 


Enter Figure 8-29 to obtain the debris offset 


i 
I I' 'j I, 
" .' 


:- 


.. 
- 
correction factor, 10 , Calculate Ad2, the debris 
offset for region 2: 


Ad2 = Ddla' 


• 
The debris altitude, r4d!t:~, and offset for 
debris legion 3 are assumed to be the same as 
those determined for debris region 1, but they 
are located in the magnetic conjugate area (see 


• 


. i ure 8-18) . 


.ixampl~ 


Given: A l~eapon detonated at 250 km 
altitude at a location where the magnetic dip 
angle is 60° . 


Find: The shape, size, and location of the 
fireball, and the altitude, radius, and offset of 
the debris regions 2 minutes after the burst. 
Solution: 


a. Since the altitude of interest is midway 
between the altitudes provided in Table 8-2, the 
larger (300 km) is used. From the data provided 
in Table 8-2 for 1 Mt at a burst altitude- of 
300 km, the following vaiues are obtained for 
t = 120 sec: 


b. 


Fireball shape is a tube. 


hlb = 290 km 


Rib = 150 km 


x = 160 


Y := 300 


h~ - 200 
290 - 200 


(I) ~l~ 
= 
0.87 
= 103 km. 


(2) 
x 
160 
21Silf !pI = (2){0.87) = 92 km. 


Since the result obtained in (2) is Jess than 
that obtained in (1), 


Ldown = 92 km. 


..:. -:-:-,:!-Y--:- = 
300 = 172 km. 
21s;n!p1 
(2)(0.87) 


c. From Figure 8-30, the fraction of debris 
transported to debris region 3, X, is 0.2 for a 
burst altitude of 250 km. Therefore, 


FFI = 0.6 


FF2 = 0 


FF3 = 0.2 


d. From Figure 8-33, 


hdl = 625 km, and 


hml = 800 km. 


e. From Figure 8-37, 


Rd/ = 150 km. 


f. Since t < 10 min, Ad} = O. 


g. Since the burst altitude is not greater 
than 250 km, no debris region 2 is defined. 


h. The size and altitude of debris region 3 
are the same as those of debris region I, but debris 
region 3 is centered over the magnetic conjugate 
of the burst point. 
Answer: 


a. The fireball js a tube with the following 
dimensions (see Figure 8-16 for illustration of 
the meaning of the dimensions): 


hfb 
= 290 km 


Rib 
= 150 km 


Ldown = 92 km 


Lup 
= 172 km 


b. There are two debris pancake regions for 
use in determining delayed radiation effects. 
Debris region 1 is a pancake centered over the 
burst point with an altitude and radius of 625 km 
and 150 km, respectively. Debris region 3 is a 
pancake directly over the conjugate of the burst 
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• I 
i 
" 


- 
point. and it has the same altitude and radius as 
debris region 1. Sixty percent of the fission debris 
is in debris region 1, and twenty percent is in 
debris region 3. (Twenty percent is assumed to 
escape to large distances.) 
• 
Reliabilit. Because of the theoretical 
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and experimental uncertainties concerning bursts 
above 120 km, together with the uncertainties 
introduced by using fixed parametric yield/deto- 
nation altitude combinations, results predicted 
by the model described above may be con- 
siderably in error. 
_ 
Related Materia. See paragraph 8-15 . 
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Table 8-2 II 
Fireball Location and Dimensions for De~onations Above 80 km • 


.4 
Time is In MCOndt, distance. are in kilometers. E rerers to the pt> ..... r of 10, e.g., 1.SE.4 - 1.S x 10 • 


10 Itt, 150 Ian 
10 kt, 200 km 


Shape 
hlb 
Rib 
x 
Y 
j 
t 
Shape 
heb 
Reb 
x 


Sphere 
1.5EZ 
I. ZEI 
1 
Sphere 
2.0EZ 
I. BEl 
" 
I.~Z 
1.3EI 
) 
.. 
Z.IEZ 
l. 9E1 
.. 
1. 6EZ 
1.7El 
10 
Tube 
.. 
Z. ZEI 
4.0EI 


Tube 
1.9EZ 
Z.2El 
3.0El 
3.0El 
)0 
.. 
Z. lE2 
2. lEZ 
5.0El 


" 
Z.IEZ 
2.6EI 
6.0EI 
6.0EI 
60 
.. 
l.6E 
2.6EI 
6.0El 
" 
Z.4E2 
3. ZEI 
l.OE2 
l. OEZ 
120 
" 
l.BEl 
3. lEI 
1.0E2 


It 
2.6E2 
5.1 EI 
I. 4E2 
Z.2El 
300 
" 
3.(11::2 
4.9E1 
1. 4El 


to 
Z.7EZ 
6.3EI 
I. 6E2 
4. tE2 
6eO 
.. 
" 
6. lEI 
It 
.. 
" 
.. 
6.4E2 
900 
It 
It 
It 
.. 
.. 
.. 
.. 
1. 4E3 
1800 
" 
.. 
It 
.. 
- 
- 


10 kt, 300 km 
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x 
y 
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hf';.) 
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>.IE2 
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".OEI 
1 
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(, OEI 
. 
.' 
It 
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II 
" 
) 
It 
.. 
".8El 


.. 
3. ZEZ 
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5.0EI 
10 
.. 
... lEl 
4.9EI 
8.0EI 


.. 
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3.5El 
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6.0EI 
30 
Ii • 
:;Z 
5.1 EI 
1.0El 


.. 
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3.8EI 
B.OE1 
B.OE1 
60 
.. 
_l 
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4.0E2 
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.. 
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.. 
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8.4EI 
3.0E2 
.. 
... 3E2 
7.8EI 
4.0E2 
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600 
5.o;E2 
1.0E2 
5.6E2 


.. 
.. 
.. 
tI 
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.. 
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It 
., 


" 
" 
" 
.. 
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II 
.. 


.. 


.. 


y 


".OEI 
5.0EI 


6.0EI 


t.OEl 
2.0El 


... lEZ 


6.0E2 


I. 3E3 


y 


6.0EI 


8.0EI 
1.0El 


I. lE2 


1. 6E2 


3.0E2 


5.6E2 


8.0£2 


1. 9E3 


k 


t 


1 


3 


10 


30 


60 


110 


100 


600 


900 


1800 


t 


1 


3 


10 


30 


60 


1 ZO 


300 


600 


900 


IBOO 


Table 8-2 • 
Fireball '_ocation and Dimensions for Detonations Above 80 km (Continued) III 


Tfme f. fn .cond., dfstance. are fn kflometers. E refers to the power of 10, e.g., 1.SE":: 1.S x 10". 


10 kt, 500 km 
100 kt, 150 km 


Shape 
hlb 
Rib 
x 
y 
t 
Shape 
hlb 
Rib 
x 


Tube 
S.IEl 
6.SEI 
B.OEI 
B.OEI 
I 
Sphere 
I. 6El 
l.7EI 
" 
S. ZEl 
6.SEI 
" 
" 
1 
" 
" 
l.9EI 
" 
" 
6.6EI 
1. OEl 
1. OEl 
10 
" 
1. SEl 
3.6EI 
" 
S.6El 
6.9EI 
1.lEl 
I.lEZ 
30 
Tube 
Z.3El 
4.8EI 
8.0EI 
" 
S.9EZ 
7. lEI 
1.4EZ 
1.4EZ 
60 
" 
Z.9El 
5.5EI 
I. lEZ 
" 
6.4EZ 
S.ZEI 
Z.OEZ 
Z.OEZ 
IZO 
" 
3.9'::Z 
6. BEl 
Z.OF.Z 
" 
6.6EZ 
I I. OEZ 
1.4EZ 
1.4EZ 
300 
" 
4. BEl 
I. OEl 
4.4:',: 
" 
6.7EZ 
I. ZEl 
6. ZEZ 
6. ZEZ 
60tJ 
" 
" 
I. 3EZ 
5. l£Z 
" 
" 
" 
B. BEl 
8.6EZ 
900 
" 
" 
" 
" 
" 
" 
" 
" 
I. 9E3 
IBOO 
" 
" 
" 
" 


100 let, 200 km 
100 kt, 300 km 


Shape 
hlb 
Rib 
x 
y 
t 
Shape 
hlb 
Rfb 
x 


Sphere 
Z. \EZ 
4.0EI 
I 
Tube 
3. ZEZ 
7.0EI 
I. OEl 


" 
l. ZEZ 
4. ZEI 
3 
" 
3.3EZ 
7. lEI 
8.0EI 


Tube 
Z.lEZ 
4.7EI 
6.0EI 
6.0EI 
10 
" 
3.4EZ 
7. ZEI 
I. ZEZ 


" 
Z. TEZ 
S.IEI 
8.0EI 
8.0EI 
30 
" 
1.9El 
7.6EI 
1. 4EZ 


" 
3.3El 
S.6EI 
I. lEl 
I. lEl 
60 
" 
4.6El 
B.3EI 
I. BEZ 


" 
4.lEl 
6.8EI 
Z.OEZ 
l.OEZ 
I ZO 
" 
5. TEl 
96EI 
l.6EZ 


" 
4. SEZ 
I. OEZ 
4. ZEZ 
4. ZEl 
300 
" 
6.7EZ 
I 3EZ 
5. ZEZ 


" 
" 
I. ZEZ 
5. ZEl 
7.8El 
(.00 
" 
" 
\. 6EZ 
9.0EZ 
" 
" 
" 
" 
I. lE3 
900 
" 
" 
" 
" 
" 
" 
" 
" 
l.4E3 
IAOO 
" 
" 
" 
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1. lEZ 


l.OEZ 


4.4EZ 


8.4EZ 


I. lE1 
l.6E3 


y 


I. OEZ 


8.0EI 


I. lEZ 


I. 4EZ 


I. 8EZ 
l.6El 


5. lEl 


8 6El I 


I. 3E31 
l.9E3 


~ 


t 


1 


J 


10 


)0 


60 


1Z0 


300 
MO 


900 


1800 


t 


I 


1 


10 


0 


60 


I ZO 


)00 


600 


900 


1800 


..--.... 


Table 8-2 • 
Fireball l )cation and Dimensions for TJetonations Above 80 km (Continued) 


• 
TI.". ,. 'n .. conds, dr.tanc:e~ are in kilomete". E refers to the po.r of 10, e.g., 1.SE. = 1.5 x 10 • 


100 kt, 400 km 
100 kt, 500 km 


Shape 
hfb 
Rfb 
x 
y 
t 
Shape 
hfb 
Rfb 
x 


Tube 
4.lEl! 
1. I EZ 
I. 4El! 
I. 4El! 
I 
Tube 
S.SEZ 
I. 4El 
l.OEl 


" 
4.41:1 
It 
It 
.. 
3 
.. 
II 
1. SEl 
" 
" 
4.6El 
It 
I. 6El 
I. 6El 
10 
.. 
S.7EI! 
.. 
It 


.. 
S. I El! 
" 
I. 8EI! 
I. 8El! 
)0 
.. 
6. lEl! 
to 
l!.4El! 


It 
S.8El! 
l. ZEZ 
l!.lEZ 
l!. ZEZ 
60 
It 
7.1El 
I. 6El 
3.0EZ 


II 
7.IEZ 
1. 3EZ 
3.4EI! 
3.4El 
lZO 
.. 
B.S1';Z 
I. BEl 
S.OEl 


" 
8.5EZ 
I. 7El 
7.0EZ 
7.0El 
)00 
.. 
I. OEl 
l. ZEl! 
6.4El 


II 
.. 
Z.OEl 
1. I E3 
\. I E3 
600 
.. 
t. 
Z.SEZ 
I. I EZ 


.. 
.. 
It 
1.3El 
1.5E1 
900 
.. 
II 
to 
I. 6EZ 


II 
II 
.. 
II 
3.3E3 I 
1800 
II 
.. 
.. 
It 


1 Mt, 150 km 
1 Mt, 200 km 


Shape 
hfb 
Rfb 
x 
y 
t 
Shape 
hfb 
Rfb 
x 


Sphere 
I. BEZ 
6.1 EI 
I 
Sphere 
l.4EZ 
9. lEI 


to 
1.9EZ 
6.4EI 
3 
.. 
l.. SEl. 
9.5EI 
.. 
Z. I!EZ 
1.1EI 
10 
tube 
Z.8El 
I. I E2 
I. 4El 


Tube 
1.OEl 
1. I EZ 
1. 4EZ 
I. 4EZ 
)0 
" 
1. SEl. 
I. I El. 
l.OEl. 


.. 
4.lEZ 
I. ZEl 
Z. ZEI! 
Z. ZEt 
bO 
.. 
4.6El 
1.1El 
2.4El! 


.. 
6. SEZ 
I. 4EZ 
3.6El! 
1.6EZ 
110 
.. 
6. 7EZ 
I. 4EZ 
4.0El! 


.. 
1.1 E3 
2.0El 
8.0El 
8.0El 
JOO 
.. 
I. OEl 
Z.OEZ 
8.0El! 


.. 
I. lE3 
l.SEZ 
1.4E3 
I. olE) 
600 
.. 
I. IEl 
Z.4EZ 
I. 4E3 


.. 
.. 
.. 
Z.OE3 
l.OEl 
900 
" 
.. 
to 
1.8El 


" 
" 
" 
.. 
4.8El 
1800 
II 
" 
II 
II 


L..---L..- 


y 


1.OEZ 
.. 


Z. l!El 


l!.4EZ 


3. GEl 


S.OEZ 


B.OEl! 


\. ZE1 


I. 8E3 


3.6E3 I 


y 


I. 4EZ 


Z.OEl 


2.4EZ 


.... OEZ 


8.0EZ 


1.4El 


Z.OEl 


... 6El 


CjO g 


t 


I 


3 


10 


30 


60 


I !O 


300 


600 


900 


1800 


t 


1 


3 


10 


30 


60 


12.0 


300 


600 


900 


1800 


Table 8-2 • 
Fireball l ')cation and Dimensions for Detonation~ Above 80 km (Cont nued) • 
4 
Time Is in seCOndl, di.tance, are in kilometers. E r.rers to the power of 10, e.g., 1. SE4 = 1.5 x 10 • 


1 Mt, 300 km 
Mt, 400 km 


Shape 
hfb 
R'b 
" 
Y 
t 
Shape 
"fb 
RIb 
" 


Pancake 
!.lEZ 
I. SE! 
9. lEO 
I 
Pancake 
2.8EZ 
2.lEl 
I. lEI 


.. 
.. 
to 
1.7EI 
:3 
. .. 
Z.9E2 
.. 
2.lEZ 
. 
.. 
2. SEZ 
" 
4.6EI 
10 
.. 
3.3E2 
.. 
6. ZEl 


Tube 
2.9E2 
II 
1. t E2 
1. IE! 
30 
Tube 
3.9EZ 
.. 
l. EZ 


.. 
.. 
II 
I. 6E! 
I. 6E2 
60 
" 
" 
.. 
.. 


" 
.. 
.. 
II 
3.0EZ 
lZO 
.. 
If 
.. 
.. 


" 
.. 
" 
to 
6. SEZ 
300 
.. 
" 
.. 
.. 
.. 
.. 
.. 
.. 
2.4E3 
600 
" 
.. 
.. 
.. 
.. 
to 
.. 
.. 
3.6E3 
900 
.. 
.. 
.. 
.. 


" 
.. 
" 
.. 
8.0E3 
1800 
.. 
.. 
.. 
to 


-~ -- 
~-~ 
-~~ 


1 Mt, 500 km 
10 Mt, 150 km 


Shape 
hfb 
Rfb 
" 
Y 
t 
Shape 
hfb 
Rfb 
x 


Pancake 
3.4EZ 
3.0E2 
1. 2JJ:1 
I 
Sphere 
l. SEZ 
I.SEl 
" 
3. SE2 
" 
2.7E1 
3 
.. 
Z.6EZ 
1.5EZ 


II 
4.0E2 
.. 
8.0EI 
I 
10 
.. 
Z.9EZ 
1. 7E2 


Tube 
4.8E2 
It 
3.2E2 
3.4E2 
30 
.. 
3.9El 
l. 1 E2 


.. 
.. 
" 
" 
4.6EZ 
60 
.. 
S.2El 
Z.7EZ 
" 
It 
II 
to 
7. ZE2 
IZO 
Tube 
7.9El 
3.0El 
5. ZE2 


It 
to 
to 
.. 
I. 4E3 
300 
It 
1.3E3 
3.7EZ 
I.OE3 
" 
.. 
" 
.. 
Z. (,E3 I 
600 
.. 
1. 5E3 
4. I El 
I. 8E3 
" 
to 
.. 
If 
3.8E2 


1 


.. 
If 
" 
" 
8. ZE3 


900 
.. 
to 
.. 
2.6E3 


t 800 
.. 
.. 
.. 
.. 


-"--- 


• 


Y 


I 


Z.8El 


4.0E2 


6.6EZ 


J. '4E3 


2.6E3 


1.8El 
8.lE3 


y 


S.2EZ 


I. OE3 
t. aE3 


Z. bE) 


5. bE3 


t 


1 


3 


10 


30 


60 


120 


300 


600 


900 


1800 


t 


I 


3 


10 


30 


60 


lZO 


300 


600 


900 


1800 
- 


t - 


0- 
'-- 


Table 8-2 • 
Fireball Location and Dimens;ons for Detonations Above 80 kr'" (Concluded) • 


Time I. In .. cona., distance. are in kilometers. E refers to the power or 10, e.g., 1.SE" = 1.5 x 104• 


10 Mt, 200 km 
10 Mt, 300 km 


Shape 
hfb 
RIb 
" 
Y 
t 
Shape 
hfb 
Rfb 
" 


Sphere 
3.4El 
2.2El 
I 
Pancake 
I. 6El 
3.IEl 
7.6EO 


.. 
3.5El 
2.lEZ 
3 
" 
1.7El 
.. 
1.3El 
.. 
3.8El 
l.4El 
10 
.. 
I. 8El 
.. 
3. lEI 


Tube 
•• 8El 
2.1El 
3.8El 
3.8£l 
30 
Tube 
l.IEl 
.. 
I. lEl 


.. 
6.IEl 
l.8El 
4.4E2 
4.4E2 
60 
" 
.. 
.. 
.. 


It 
8.8E2 
l.OEl 
'>. lEl 
6. lEl 
IlO 
.. 
.. 
It 
" 
.. 
l. 4E3 
3.7El 
, •. 0£3 
I. OE3 
300 
.. 
.. 
.. 
.. 


" 
1.6El 
4. lEl 
l.OEl 
l.OE3 
600 
" 
.. 
.. 
.. 
.. 
" 
.. 
Z.8E3 
l.8E3 


" 
" 
.. 
It 
5.6E3 
l.... 


900 
.. I 


.. 
" 
.. 


1800 
II 
" 
.. 
.. 


10Mt.400km 
10 Mt, 500 km 


Shape 
hfb 
Rfb 
:It 
Y 
t 
Shape 
bfb 
Rfb 
:It 


Pancake 
l.OEl 
4.7El 
8. ('EO 
I 
Pancake 
l.4EZ 
6.4E7. 
9.6EO 
" 
" 
2.1£2 
.. 
1.6EI 
3 
It 
l.5£:l 
.. 
I. 9£1 


.. 
2.3El 
" 
4.1 El 
10 
.. 
l. BEl 
.. 
5. lEI 


Tube 
2.7El 
.. 
t. 6El 
l.OEl 
10 
Tube 
3. lEZ 
.. 
I. GEZ 


.. 
It 
.. 
.. 
3. lEl 
60 
" 
.. 
.. 
" 
.. 
.. 
.. 
.. 
5.8El 
I ZO 
" 
" 
.. 
.. 
.. 
.. 
.. 
.. 
1.3E3 
300 
.. 
.. 
.. 
.. 


" 
.. 
.. 
.. 
l.5E3 
600 
" 
.n 
.. 
" 


It 
It 
.. 
.. 
3.7E3 
900 
.. 
.. 
to 
.. 
.. 
" 
.. 
" 
8. 1£3 
1800 
" 
to 
.. 
" 


Y 


1. 6El 
l. BEl 


S. <lEl 


1. lE3 
l.4£3 


1.6El 


8.0E3 


Y 


Z.4EZ 


3.6EZ 


6. ZEZ 


1.1E3 


Z.6E3 


3. !lEl 


8. ZEl 


EO ... 
...::: 
,:.0 
w 
0 
:;) ... 5 
-< z 
0 
!;i z E 
w 
(:1 
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400r-------r-----~r_----~r_----~r_----~ 
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Figure 8-30.. Fraction of Total Debris Transported to Conjugate 


Region (Region 3) • 
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Figure 8-31 .• 
Altitude of Debris Region 1, 10-kt Burst II 


TIME AFTER ButST (t), ",inule, 


FOR t .,. 0.1 MINUTE, 
USE THE VALUE OF hdl 
AT 0.1 MINUTE 


figure 8-32.11 Altitude of Debris Region 1. 100-kt Burst • 
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Figure 8-33.. Altitude cf Debris Region 1, 1 wMt Burst. 
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Figure 8-34 .• 
Altitude of Debris Region 1, 'O-Mt Burst. 
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Figure 8-35.. Radius of Debris Region 1, 10-kt Burs! • 
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Figure 8-36 .• Radius of Oebtis Region 1, 100-kt Burst • 


8-55 


i 


il 


8-56 


E ... 


300 
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lI'SE THE VALUE OF Itdl 
AT 0.1 MINUTE 


Figure 8-37 .• 
Radius of Debris Region 1. 1-Mt Burst. 
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Figure 6-38 .• Radius of Debris Region 1, 1Q-Mt Burst • 
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Problem 8-4 Absorption through the Fireball • 


• 
Ta~Jes 8-3 through 8-7 and Figure 8-39 
are used to obtain estimates of the absorpti()n of 
signals propagating through the frrebaH for para- 
metnc burst yields and (etonation altitudes. The 
temperature and electron density within the fire- 
h'lll 'lr". ~"~ll'Tled to be uniformly distributed; 
thus. the absorption through the fireball is linearly 
dependel.t upon the distance the propagation 
path travels through the fireball. The fireball 10- 
cation and size can be determined from Table 8-2 


with the weapon yield closest to the desired 
yield at the closest detonation altitude, time 
after burst, and frequency given in the table. If 
the detonation altitude is SO km or greater (but 
not greater than 80 km), the absorption for 
1000 MHz, Aft, is read from the appropriate 
table at the closest detonation altitude and time 
after burst. The absorption is then calculated as 
follows: 


and Figures 8-16 through 8-38, as described in 
A 
= A' 106 


Problems 8-: through 8-3. 
fb 
fb f 2 
• 


• 


The absorption data are given for a path 
Jeng. through the fireball equal to the fireball lIIIIere is the desired frequency in MHz. 
diameter if the fireball is a sphere, equal to the 
If the time after burst is greater than 300 


diameter of the toroid arm if the fireball is a 
secon s and the fireball altitude is less than 60 


toroid, equal to the vE'rtical thickness of a pan- 
kilometers, the absorption of signals propagating 
cake if the fireball is a pancake, or equal to the 
through the fireball may be estimated frons Fig- 
diameter of the tube if the fireball is a tube. For 
ure 8-39. The quantity L~ is obtained from Fig- 


detonatIOns that occur above about 50 km, the 
ure 8-39 for the appropriate fireball altitude and 
fireball absorption scales inversely with the square 
frequency. The absorption is then calculated as 


_ 
frequency. 
follows: 
When the fireball is below an altitude of 
_ 
. N {3 


a out 60 km, beta particles deposit their energy 
Afb - La 109 • 


within the fireball, and they are the major source 
of ionization and absorption after the fireball has 
where N {3 is the beta particle radiation intensity 


.... UU1 ... 1.1 lU lilt: atmospheric temperature. When the 
parameter defined by equation 8.1 in paragraph 
altitude of the fireball is greater than 60 km, ~ 
absorption caused by beta-particle ionization _ 
Table 8-7 provides data to determine ab- 
should be determined by the methods described 
sorptIOn of signals propagating through thl;! fire- 
blem 8-7. 
ball of bursts tha t occur at altitudes above 80 km. 
8-3 through 8-6 provide data to 
The absorption of a 1000 MHz signal (A ffi) is 
absorption o( signals propagating 
read from Table 8-7 for the weapon yida and 
through the fi~eball of bursts that occur below 
altitude closest to those desired. The absorption 


80 km at times after burst less than 300 seconds 
at the desired frequency (A fb) is then calculated 
and fireball altitudes greater than 60 km (the 
as follows: 
fireball altitude at the time of interest may be 
obtained by the methods described in Problem 
8-1 J. If the detonation altitude is below 50 km, 
the absorption A jb is read directly from the table 


A 
-A' 106 


fb- 
fb-2' 
f 
where f is the frequency in MHz. 


8-57 


EXample). 
: A 1 Mt weapon burst at an altItuCe 
50km. 
Find: The absorption of a 400 MHz signal 
propagating through the fireball 2 min after burst. 


Solution: FiOm Table 8-5, the absorption 
of a 1000 MHz signal 2 min after a bUrst at 50 
km is 


A fo = 0.2 dB; 


therefore, 


106 
Alb = (0.2) (400)2 = 1.25 dB. 


Answer: The absorption of a 400 MHz 
signal propagating through the fireball of a I Mt 
weapon 2 min after the weapon was detonated 


altitcde of 50 km is 1.25 dB. 
Example 2. 
. A 4 ~eapon burst at an altitude 
of 150 km. 


Find: The absorption of a 400 MHz signal 
propagating through the frreball 15 min after 
burst. 


Solution: The yield and time nearest to 


8-58 


those desired that are tabulated in Table 8-7 are 
I Mt and 10 min (6CO sec). The absorption for a 
1000 MHz signal 10 min after a 1 Mt burst at 
1" .) km is 


Aft = 3.2 dB; 


therefore, 


)06 
Alb = (3.2) (400)2 = 20 dB. 


Answer: The absorption of a 400 MHz 
signal propagating through the fireball of a 4 Mt 
weapon 15 min after the weapon was detonated 
at.ititude of 1 ~ 
is approximately 20 dB. 


Reliability. The uncertainties in pre- 
dicting fireball dimensions and electron density 
are such tha~ estimates of the duration of a given 
level of absorption are uncertain by at least a 
factor of two. In general, the duration of ab- 
sorption caused by the rising fireball will be 
determined by how long the fireball interdicts 
the propagation path, rather than the time period 
that the fireball remains absorbing at a given 
fr.ncy. 
Related Material.. See paragraph 8-6 
and Problems 8-1 throu~-3. 


.. 


1 


• 
Absorption (dB) Through Fireball for Detonations Below 80 km, W = 10 kt • 


T,me 
Freq. 
Drtonltlon Altltud~..1lc.m..l 
(nc) 
(MHz) 
0 
10 
ZO 
30 
40 
~O 
60 
70 
80 


10 
100 
1.5£3 
2.0E4 
2.7£S 
9.1£6. 
1.7E7 
400 
'.SE3 
1.9E4 
2.4E5 
2.5E6 
1.4E6 
1,000 
1.5£3 
1.9E4 
1.4ES 
5.0£5 
2.lE5 
1.4E5 
I. In 
1. IE 2 
1.7E2 
4,000 
1.2£3 
l.n~4 
1.7E4 
).lE4 
1.4E4 
10,000 
6.7£3 
3.11:3 
2.8£3 
5.3£3 
2.lE3 


lO 
100 
3.1£3 
I.Z£4 
Z.'1E4 
S.2E4 
3.0ES 
400 
3.2£3 
1.2£4 
l.4E'; 
I.ZE4 
2.2E4 
1,000 
3.IE3 
1.2£4 
1.3E4 
l'3E3 
3.6E3 
1.3E4 
3.7E' 
I.OE2 
2.7£1 


4,000 
3.0£3 
6.7£3 
1.4£3 
1.5E2 
2.3E2 
10,000 
2.4£) 
2.0£3 
z.n:, 
Z.3£1 
3.6£1 


30 
100 
1.4£2 
8.S£3 
2.2£4 
3.8E4 
I. 5£4 
400 
7.4E2 
8.4£3 
1.8E4 
7.5£3 
1.IE3 
1,000 
7.3£2 
8.0£3 
8.7£3 
1.4E3 
i.1;";' 
;. ~£1 
: '1£; 
4.U:' 
•• 1£0 
4,000 
1.0£2 
4.1£3 
a.S£2 
8.7£1 
1.1::-1 
10,000 
5.4£2 
1.1£3 
1.4£2 
1.4£1 
1.7£0 


40 
100 
7.3£1 
3.2£3 
1.1E4 
2.9£4 
9.'1E3 
400 
7.3£1 
3.IE3 
1.4E4 
S.OE) 
6.9£2 
1,000 
7.3£1 
3.0£3 
6.0£3 
8.9£, 
I. (ll:, 
1.7£1 
1.8EI 
2.0£1 
3.8EO 
4,000 
6.9£1 
1.4£3 
S.5£Z 
S.7El 
7.0~0 
10,000 
S.lEI 
3.5£Z 
'1.0E1 
9.1EO 
1.1£0 


SO 
100 
4.6£0 
4.7£Z 
1.2£4 
2.3E4 
7.0£3 
400 
4.6EO 
4.7£l 
8.6£3 
3.5E3 
4.8EZ 
~ 


1,000 
4~6EO 
4.n:, 
3.5E3 
6.1E2 
7.6EI 
1.IE1 
1.IEI 
l.2£0 
4,000 
4.3EO 
I.lln 
3.0El 
3.9EI 
4.'1£0 
10,000 
3.ZEO 
4.4£1 
4.9£1 
6.ZEO 
7.1E-l 


60 
100 
2.6E-1 
3.9EI 
3.IIE3 
I.IIE4 
5.IE) 
40Cl 
2.£E.I 
3.'1£1 
l.7E3 I 2.4E3 
3.4El. 
1,000 
Z.6E.1 
3.SEI 
I. OE3 
4.IEZ 
5.5EI 
II.OEO 
6.6EO 
1.3EO 
I.IEO I 
4,000 
1..3E·l 
1.4EI 
1I.3EI 
Z.6EI 
3.4EO 
10, 000 
I. 7E·1 
3.1EO 
I..EI 
4.2EO 
5.5£.1 


'10 
100 
S.6E.) 
4.8£:·1 
3.3£1 
6.5E2 
I. 5E3 
400 
5.6E-3 
4.6E-1 
2.0EI 
6.9EI 
9.9EI 
1,000 
5.6E-3 
4.0E-I 
6.1£0 
1.2EI 
1.6El 
3.3EO 
2.IEO 
3.4£-1 
7.7£.2 
4,000 
5.0E-l 
1.2E-I 
4.5£-1 
7.2£-1 
9.9E.1 
10,000 
3.2.E-3 
2..4E-2 
7.3E-2 
I. 2E·l 
I. 6!'.:. 1 


11.0 
\00 
3.1E-l 
1.7£1 
l.2£-l 
400 
2.9E.l 
8.4£0 
1.9E-1 
1,000 
Z.3E-l 
2.2£0 
3.2EO 
1.7EO 
9.0E.1 
7.IIE-I 
1.1£_1 
3.5E-2 
4,000 
5.8E-2 
1.7£-1 
2.1E·1 
10,000 
1. DE·1. 
2.4E:-Z 
3.ZE-2 


ISO 
100 
2.1E.1 
1.5£1 
1.7El 
400 
z.6E-I 
6.4£0 
1.4£1 
1,000 
2.0E·l 
1.5£0 
2.3£0 
1.2EO 
5.5£.1 
".3E-1 
6.0E-Z 
2.3£-2 
4,000 
3.8E.2 
I.OE-l 
1.4£-1 


10,000 
6.9E-3 
1.1E-2 
2.3E-2 


180 
100 
2.4£-1 
1.3El 
1.3E2 
400 
2.2E.I 
4.9EO 
1.0£1 
1,000 
1.6£-1 
I. lEO 
1.1£0 
8.IIE-l 
4.0E. 
Z.6E-l 
3.6£-2 
1.6E·1. 
4,000 
2.6E-1. 
6.'1E-2 
I. O£.I 
10,000 
4.9E·' 
1. ZE-Z 
I. n:-z 


)00 
100 
1.3E.1 
;.7EO 
5.0£1 
400 
I.U:·1 
1.1EO 
3.5EO 
1,000 
6.9E-2 
3.lE.1 
5.6£-1 
).4E·l 
1.71:. 
t.4E.% 
4.9E-3 
I.%E·) 
4,000 
8.2.E-3 
2.1E-Z 
3.5£·2 
10,000 
1.4E-3 
3. U:-) 
5.6£-3 


!'lOIn: £ nfut to th.- power of 10. e.I •• , 1.5£4 = 1.5' 10". If f'Z an.bn, .!'Pbu, only 1,000 MHz 
"Alun Are I.vea>. 
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T.ble s-41 Abso •• tion (dS) Th.ou,h FiR •• II 10. Detonation' Below SO km. W = 100 kt • 


8-60 


Tim. 
Freq. 
Det.,natlon A IUlllde {km I 
{led 
(MHz' 
0 
10 
20 
30 
40 I 
SO I 
1>0 
70 


10 
100 
I. 3E~ 
6.5E5 
4.3E6 
2..SE7 
•. m~ 
400 
1. n:s 
1>.4E5 
3.7£1> 
6.S£6 
3.8E6 
1,000 
I. )£5 
6.2.£S 
2.1£6 
I. )E6 
6.IE5 
2..1£) 
9.SE2 
4,000 
1.2.£, 
3.7£5 
2.3£5 
8.2E4 
3.1!£4 
10 000 
I.OES 
I.IES 
3.9E. 
1.3E4 
6.IE) 


20 
100 
9.0£) 
4.3E4 
I. DES 
).S£6 
•• 7E6 
.00 
9.0£3 
4.3£4 
8.3E4 
6.'1E5 
3.3E5 
1,1)00 
3.3£3 
2..4E4 
2.5£4 
3.4E3 
3.7E3 
4.0E3 
2.3E2 
3.1EI 
4, '00 
8.6E3 
2.lE4 
3.9E) 
8.0E3 
3.4£3 
10, )00 
6.8£3 
6.0£3 
6.S£2 
l.lE3 
S.4E2. 


~O 
100 
3. )E) 
2.6E4 
8.1£4 
I. 3E5 
3.3£5 
400 
3.3E3 
2.6E4 
6.IE4 
2.0E4 
2.)E4 
I, ... 00 
5.8E" 
1. .. £4 
l. 7E4 
2.IC3 
_. :;£2 
1..£2 
I. IE2 
l.lEI 
4,000 
3. IE') 
I.IE. 
2.2E3 
2.2£2 
2..3£2 
10,000 
2. lE') 
l.8£3 
3. 'jE2 
).SEI 
3.7EI 


40 
100 
5. BE2 
I. SE4 
6.7E4 
'1.4E4 
2. )E4 
400 
S.8I:2 
I. ~E'4 
4.7E4 
I. ZE'4 
1.6£3 
1,000 
S.8£Z 
1.4£4 
I. 7!':4 
z.IE'3 
2.5E2 
1.7E2 
1.I£l 
1.2EI 
4,000 
5.4£2 
5.SE3 
1.4E3 
1.3£ Z 
1.6£ I 
10, oeD 
4. GE2 
I. 3£ 3 
2.3E2 
2. lE'I 
2.5EO 


5:> 
100 
5.SEI 
S. liE] 
S.7E4 
7.1£4 
400 
5.,EI 
5.4E3 
3.6E4 
8.0£l 
1,000 
S.5EI 
4.8E'3 
1.2E4 
l. 3£3 
1.6£2 
'1.2£1 
6.0£1 
5.7£0 
4,000 
S. DE' I 
I. 7£3 
8.8£2 
8.5EI 
10,000 
3.SEI 
3.6£2 
1.4EZ 
1.4EI 


60 
100 
4.0EO 
8.'1£2 
4.2E4 
S.SE4 
400 
4.0EO 
8.7E2 
2.4E4 
5.5E) 
~:::;: 


7.5E2 
6.'1E3 
'I. ,£2 
1.1£2 
1.4EI 
). )EI 
3. oro 
2.2E2 
5.0E2 
S.7el 
2.4EO 
4.SEI 
8.1£1 
'1.10.0 


Z.3E-Z 
3.6£0 
7.0El 
I. SE" 
2.3£-l 
3.SEO 
2.8EZ 
I. 2£} 
1,000 
2.2E-2 
2.7£0 
6.3EI 
2.0£Z 
3.'1£1 
4.SEO 
1.7EO 
I. 3£-1 
4,000 
l.0£-2 
S.4E-1 
4.3EO 
l.lEI 
10.000 
I. 1£-2 
I. OE·I 
6.9E·1 
2.0£0 


1::0 
100 
1.4£-2 
Z.lEO 
1.7£2 
1.IE3 
400 
1.4£.2 
2.0EO 
4.7EI 
8.0EI 
1,00(' 
1.4£-l 
I.;EO 
'1.2EO 
I. 3E I 
7.7£0 
1.6EO 
4.6E-1 
4.8E-l 
4,000 
1.2£-2 
2.IE-1 
6.7E-l 
'I. IE-I 
10,000 
5.4£-3 
3.3E·2 
'1.6E·l 
I. )£·1 


ISO 
100 
1.2£.2 
2.2EO 
I. 6£2 
8. lEl 
400 
1.2£-2 
2. OED 
3.4£-1 
S.6EI 
1,000 
1.1£.2 
I.IEO 
6.2£0 
'I. lEO 
3.6EO 
7.8E-1 
2.2E-1 
".'1E.2; 
4,000 
'1.0£.3 
1.4E-l 
4. DE-I 
5.7E-1 
10,000 
4.0£-3 
2.4£-2; 
6.4E-2 
'I.1E-2 


180 
100 
I.OE.2 
2.2£0 
;.SEl 
6.1E2 
400 
I.Ot-2 
LIED 
2.6£1 
4.1£1 
1,000 
I.Ot.2 
'1.11£-1 
4.7£0 
6.6EO 
2.5£0 
4.5£-1 
I.l£-I 
1.'1E-2 
4,000 
7.l£-3 
I.OE·I 
l.'1E.1 
3.'1£·1 
110: 000 
3.0£-2 
1.7£-2 
4.IIE·2 
6.6E-2 


1300 
100 
6.1£-3 
1.7EO 
a.s£1 
400 
6.1£-3 
1.2EO 
'I. )£0 
1,000 
S.8E-) 
4.1E-1 
1.6EO 
2.2£0 
'1.3£-1 8.6E-2 
I.SE.Z 
2.6£-3 
4,000 
3.4E-3 
3.4E-l 
'1.8E.2 
10,000 
1.0£.' 
S.5E·3 
1.6£·2 


Note.: £ nf" .. to ttl., p_'" of 10. "' •••• 1.5E4 : 104• If fo2 acahna avplu, •• only 1.000 MHz 
"al .. ~. a,,, .,,,,,n. 


80 


9.2.£2 


l.SEI 


:.1£( 


'I. lEO 


4.2EO 


2.lEO 


- 


5.4E.1 


3.5E·2 


1.7£.2 


7.9£-3 


S.7E·4 


ii 
1I II 


Table 8-5 
Absorption (dB) 7hrough Fireball for Detonations Below 80 km, W 
1 Mt • 


I 


TIme 
Freq. 
Detonallon Altllude (kml 


(oeel 
(MHzl 
:l 
10 
20 
30 
40 
~O 
60 
70 
80 


10 
100 
3.4ES 
1.IIE6 
1.4E7 
9.7E7 
1.8E8 
400 
l ... ES 
1.8E6 
1.2E7 
1.9E7 
I. 3E7 
1,000 
3.4ES 
I.IIE6 
3.4E7 
2.ZE6 
7. SE6 
7. SE6 
1.6E4 
1.4E4 
3.ZE3 
4,000 
3.3ES 
I.OE6 
6.ZES 
Z.ZES 
1.4ES 
10,000 
2.7ES 
3. DES 
I.OES 
3. SE4 
Z. ZE4 


20 
100 
S. ZE4 
2.4ES 
I. SE6 
1.IE7 
9. ZE6 
400 
S. ZE4 
2.3ES 
I. IE6 
1.4E6 
6.0ES 
1,000 
S. ZE4 
Z. ZES 
4. SES 
Z.4ES 
9.7E4 
6.IIE4 
I. ZE3 
9. ZEZ 
Z'3EZ 
4,000 
S.OE4 
I. DES 
l.IIE4 
I. SE4 
6. DEl 
10,000 
l.8E4 
Z.6E4 
6.3El 
Z.4E3 
I.OE3 


30 
100 
1.4E4 
8.8E4 
9. DES 
I. 4E6 
9.SES 
400 
1.~~4 
8.6E4 
S.7ES 
I. )ES 
6.IE4 
1,000 
1.4E4 
7.8E4 
1.9ES 
Z.4E4 
9.7E3 
4.ZE3 
Z.4EZ 
I. 7EZ 
4.7EI 
4,000 
1.3E4 
l.OE4 
1.4E4 
I. SEl 
6.0EZ 
10,000 
I.OE4 
6.8El 
2.lEl 
Z.SEZ 
9.7EI 


40 
100 
S.8El 
6.lE4 
2.7ES 
I. OE6 
I.IES 
400 
S.8El 
6.IE4 
1.4ES 
B.4E4 
6.7El 
1,000 
~. 7E3 
S.4E4 
4.0E4 
1.4E4 
1.IEl 
4.0E2 
7.0EI 
4.6EI 
1.6EI 
4,000 
S.3El 
I. 7E4 
2.'1E3 
1I.6E2 
1,7EI 
10,000 
l.7El 
3.4El 
4.6E2 
1.4E2 
I.IEI 


SO 
100 
l.lE3 
4. SE4 
2.4ES 
6. SES 
6.2E4 
400 
I.lEl 
4.lE4 
I. DES 
S.IE4 
3.9El 
1,000 
I. 3E3 
l.6El 
Z. SE4 
I. lEl 
6.2E2 
4. DEI 
Z.6EI 
I. 7EI 
6.IEO 
4,000 
1.IEl 
1.9E3 
1.7El 
S. lEZ 
10,000 
7.4E2 
1.7El 
2.7E2 
I. lEI 


60 
100 
1.6E2 
2. SE4 
2.2ES 
I. DES 
400 
1.6E2 
2.4E4 
7.4E4 
7.4El 
1,000 
1.6El 
1.9E4 
1.6E4 
1.2El 
l.IE2: 
l.lEI 
I.IEI 
7.4EO 
3.SEO 
4,000 
1.4El 
l.8El 
I. IEl 
7.SEI 
10,000 
8.7EI 
6.'1E2 
1.7E2 
l.lEI 


90 
100 
l.4E-1 
2.2EZ 
7.8E4 
l.4E4 
400 
Z.4E-1 
1.9E2 
I.SE4 
Z.lEl 
1,000 
Z.4£-1 
1.2E2 
2.6'£ 1 
l.6EZ 
2.4£1 
4.SEO 
1.6EO 
1.3EO 
6.4E-1 
4,000 
1.9£-1 
I.SEI 
I. 7£2 
Z. 3E I 
10,000 
9.4£-2 
2.6EO 
Z.7EI 
3.6£0 


IZO 
100 
7.0£-Z 
Z. 7E I 
3. IE 3 
7.6El 
400 
7.0£-Z 
2.1£1 
3.6EZ 
4. B£2 
1,000 
6.9£-Z 
'I. lEO 
6.IEI 
7. 8E I 
6.8£0 
2. DE-I 
l. SE-I 
l.2£-1 
1.3E-1 
4,000 
S. 2£-2 
'1.6E-1 
4.'1EO 
6.6EO 
10,000 
I. '1£-2 
I. 4E-1 
6.2E-1 
7.8E-1 


150 
100 
6.9£-Z 
2. BEl 
2.IEl 
400 
6.8£-2 
l.'1EI 
2.0E2 
1,000 
6.6£-Z 
7.IEO 
l.lEI 
2.SEI 
l.IEO 
7. SE-Z 
3.2E-Z 
1.6E-1 
'1.SE-3 
4,000 
4.lE-l 
S.8E-1 
2.IEO 
10,000 
I. 4E-l 
'1.4E-Z 
l.4E-1 


IBO 
100 
6.8£-l 
l. lEI 
1.8£l 


400 
6.7£-l 
1.'1EI 
I. S£Z 
1,000 
6. S£-l 
6.0EO 
Z. SEI 
1.6EI 
I. SED 
l. ZE-2 
1.8E-Z 
7.4E-2 
3.'1E-3 
4,000 
3.6£-Z 
4.3E-1 
1.5£0 
10,000 
I. I£-Z 
7. 3E-2 
Z.S£-I 


300 
100 
S. Z£-l 
3.6EI 
8.S£Z 
400 
S.I£-Z 
I.lEI 
S.8EI 
1,000 
4.6£-2 
Z. SED 
'1.3£0 
4.7£0 
4.7£0 
Z.4E-3 
3.3£-3 
I.OE-3 
1.8E-4 
4,000 
I. 7£-l 
1.7E-1 
5.8E-1 
10,000 
3,'£-3 
Z.7E-Z 
'1.3E-Z 


Note" E reru. 10 Ihe power or 10. e., •• 1.5E4 • I. 5" 104• II r-Z scallna applle., only 1,000 MHz 
v .. lu~. ar~ Ilven. 
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Table 8-6 
Absorption (dB) Through Fireball for Detonations Below 80 km, W = 10 Mt • 


Tune- 
Fnq. 
~Iol\allo" Altll~d~ (km) 
(OH) 
IMHz) 
0 
10 
20 
}O 
40 
~O 
60 
70 
80 


10 
100 
1.2E6 
7.4£6 
8.4E7 
8.8E8 
1.0£10 
400 
1. lEI. 
7.4E6 
6. Z£7 
2.9£8 
5.2£'1 
1,000 
1.1£6 
7. DEI. 
Z.S£7 
6.0£7 
1.4£'l 
I. Z£ I 0 
7.8E4 
2. SE4 
8.2E3 
4,000 
1.1£6 
3.7E6 
2.IE6 
4.0£6 
I.OE8 
10,000 
8.8E5 
I.OE6 
3.4£5 
6.4£5 
I. 6£7 
I 10 
100 
I. U:S 
6.6£; 
1.2E7 
5.0£7 
1.8£8 
400 
1.3£5 
6.4£~ 
".'lE6 
4.Sl:6 
1.2£7 
1,000 
I. 3£; 
5.'1£5 
1.1£6 
7.3E5 
2.0£6 
8.8£6 
4.8E3 
1.6£3 
;.'1£2 
4,000 
I. 2E; 
2..3£5 
7.8£4 
4.6E4 
I.2.E5 
10,000 
9.1£4 
5.3£4 
I. ~£4 
7.4£3 
2..0E4 


30 
100 
9.0£4 
S.3E; 
4.3E6 
2.4£6 
400 
8.9E< 
S.IE; 
I. lEI. 
1.6£5 
1,000 
8. 'IE" 
4.4E5 
Z.ZE; 
2.6E4 
4.5E4 
7.IE4 
7.4£2 
Z.5E2 
I.ZE2 
4,000 
8.2£4 
I. 3£5 
1.4E4 
1.6£3 
10,000 
S.7£4 
2..5£4 
2.3£3 
2.6E2 


40 
100 
6.8£4 
4.7£5 
3.4£6 
400 
6.8£4 
..... £5 
6.1£5 
1,000 
6.7E4 
3.SE5 
I. IE; 
".0£) 
1.8E) 
2..3E3 
1.8£2 
6.7£1 
3.9EI 
4,000 
6.IE4 
7.4£4 
6.9£) 
10,000 
3.9E4 
1.4E4 
1. 1£3 


50 
100 
Z.IE4 
4.3E5 
Z.7E6 
400 
2.IE4 
4.0E5 
3.4£5 
1,000 
2..1£4 
2.8E5 
5.9£4 
1.4£3 
2.. SEZ 
~.9EI 
6.0£1 
2.4£1 
1.7£1 
4,000 
1.8E4 
4. S£4 
).7£3 
10,000 
1.IE4 
7.'1£3 
5.9£2. 


60 
100 
9.Zn 
Z.OES 
2.0E6 
400 
9.2n 
1.7E5 
2.1£S 
1,000 
9. !EJ 
1.IE5 
3.4£4 
6.9E2 
9.2EI 
1.6£1 
2.4EI 
I. lEI 
I. 7EO 
4,000 
7.6E3 
1.3E4 
2..2£3 
10,000 
4.0E3 
Z.3E3 
3.4£2 


'lO 
100 
7.4E 1 
7.7£4 
Z. 3E~ 
400 
7.lEI 
S.4E4 
1.7£4 
1,000 
7.2.EI 
2.IE4 
2.7£3 
1.4E2 
8.9£2. 
1. 3£0 
3.1£0 
1. 8EO 
Z.O£-I 


i 


4,000 
5. lEI 
I. 7E3 
1.7E2 
10,000 
2.0EI 
Z.8£Z 
2.7EI 


1 
120 
100 
6.6E·1 
1.3E3 
6.2£4 
400 
6.SE·1 
6.3E2 
4.IE3 
1,000 
6.2E-l 
1.6E2 
6.5E2 
6.8£0 
I. 2£0 
I. 7E-1 
6.4E·1 
6.IE·2 
3.IE-2 
4,000 
4.3E-I 
2. DEI 
S.2EI 
10,000 
I.OE'·I 
1.8EO 
6.5£0 


ISO 
100 
5.5£-1 
7.6l':2 
400 
5.4E-I 
2.5£2 
1,000 
5.1E·I 
S.3EI 
1.8E2 
2.5£0 
9.IE-2 S. lE·2 
2.2E-2 
I. IE·2 
I. 4E-2 
4,000 
2.3E.1 
3.SEO 
10, 000 
5.6£-2 
S.6E-I 


180 
100 
S,'lE·1 
8.2E2 
400 
5.7£-1 
2.0E2 
1,000 
5.2£-1 
3.8EI 
9.6£1 
1.0£0 
2.7E-2 2.0£·2 
2. 2E-2 
8.9£·' 
4.5E-3 
4,0011 
1,9E-1 
2.3EO 
10,000 
4.3£-2 
3.9E.1 


300 
100 
6.5E-I 
9.3E2 
4N) 
6.1£·1 
9.8E1 
1,000 
4.6£·1 
1.6E\ 
2. lE'I 
S. n:.2 
5.8E'-4 9.IIF·4 
4.0E'·4 
2.0E·4 . Z. 7E-4 


II::~~~ I 
8.7E'.2 
1.0£0 
1.6£·2 
1.6£·1 


r:~,<~' E' r~f .... to th .. pown of to. ".Il •• 1. 5['4. I. S x 10". 
II f·Z scabn, applin, only 1,000 MH~ 


v.l.l\1~$ .r ... IIvt"n. 


Table 8-7 
Absorption (dB) Through Fireball at 1000 MHz for Detonations Above 80 km. 


I Tlm:1 Yield 
Petol'l&hOn Alllll.lde (kml 


(sec) 
(Mtl 
100 
ISO 
ZOO 
l50 
300 
3$0 
400 
450 
500 


10 
0.01 
S.2Ei! 
7.9EZ 
1. 7EZ 
1.4£1 
b.I£O 
2.1EO 
o.IE-1 
2.0E-I 
7.3E.2 
O. I 
1.1E3 
2.0£3 
3.8E2 
3.1£1 
1.4£1 
4.8EO 
1.4£0 
4.5E-1 
l.bE.I 


1 
3.ZE3 
5.4E3 
9.0E2 
5.0£1 
5.5EO 
7.9£.1 
1.5E-I 
3.3£·2 
8.7£·3 
10 
1.4E4 
l.0£4 
3.3£3 
l.b£3 
3.5£2 
0.9£1 
1.7,£1 
4.9EO 
1. bED 


20 
0.01 
7.ZEI 
l.IEZ 
l.l'£2 
I.Z£1 
5.4£0 
1.9£0 
S.5E·l 
1.8E-1 
1>.8E-2 
0.1 
1.4E2 
S.8£Z 
Z.8£2 
Z.I>£I 
1.2,£1 
4.3£0 
1.3EO 
4.2E-l 
1.5,£-1 
I 
4.IEZ 
1.8£3 
o.7E2 
4.3£1 
5.IEO 
7.b£.1 
1.4£·1 
3. ZE-Z 
8.4£'3 
10 
2.2E3 
8.0E3 
1.9E3 
1.4£3 
2.7£2 
5.9£! 
1.5£1 
4.5£0 
1.5£0 


30 
0.01 
l.2EI 
1.3£, 
9.1>£1 
1. DEI 
4.8£0 
1.7£1 
5.1£·1 
1.7E·1 
6.4£.2 
0.1 
3.8EI 
3.0£, 
l.2EI 
Z.3£1 
1.1£1 
4.0£0 
1. lEO 
3.9E·l 
1. 5£· I 
r# 


1.2E2 
7.2E2 
S.3EZ 
4.b£1 
b.U:U 
1.0£0 
2.0E·1 
4.8E-2 • 
!.30.l 
6.6£2 
4.0E3 
1.5E3 
3.2£3 
8.4£2 
Z.U':Z 
6.5El 
Z.IEI 
7.4".:0 


9.ZEO 
8.8£1 
7.7EO 
9.1£0 
4.4EO 
1.6£0 
4.7£.\ 
I. bE·\ 
b.OE.2 
1.5EI 
2.0E' 
1.8E2 
2.1£1 
I. DEI 
3.7£0 
I. lEO 
3.7£·1 
1.4E.l 
1 
4.bEI 
4.9£Z 
4.3;;;2 
3.bEI 
5.3£0 
9.11:'1 
1.8E-l 
4.4E-2 
I. 2£·2 
10 
2.7£2 
Z.3E3 
1.2£3 
:.O!:3 
5.9EZ 
1.7£Z 
S.4EI 
1.8EI 
O. ~ E(. -- 
SO 
0.01 
4.bEO 
6.4EI 
0.4EI 
8.2£0 
4.0£0 
1.5£0 
4.4£·1' 
1.5£·1 
5.7£.0 
0.1 
7. lEO 
1.5£, 
1.5E2 
1.9£1 
9.,£0 
3.4EO 
I.OEO 
3.5E.·1 
l.n:·1 


1 
Z.2£1 
3.b£2 
3.5£Z 
3.0£1 
4.bEO 
8.2E-l 
1.7£·1 
4.1£-2 
I.I£·Z 
10 
1.4E2 
1.4£3 
1. 0£3 
1.3£3 
4.U:2 
1.4£2 
4.5£1 
l.b£1 
5.8£0 


00 
0.01 
2.3EO 
4.9£1 
5.4El 
7.5£0 
3.7EO 
1.4£0 
4.2E·1 
1.4£-1 
5.4£.2 
0.1 
4.8EO 
1.1£2 
1.2£2 
1.7£1 
8.bEO 
3.2EO 
9.7E·1 
3.3E-1 
I. 3£·1 
I 
1. lEI 
2.7E2 
3.0E2 
2.4EI 
4. 1 Ell 
7.4E·1 
1.6E·1 
3.9£-Z 
1. IE., 
10 
7.:'EI 
9.3E2 
8.7EZ 
9. oS£2 
3.4E2 
I. IE2 
3.9EI 
1.4EI 
5.2EO 


90 
0.01 
9.9E·1 
'.7El 
3.bEI 
1>. OED 
3. lEO 
1.8EO 
3.0£.1 
1.2E·1 
4.7£·2 
O. I 
1.5EO 
o.OEI 
8.lEI 
1.4£1 
7.1£0 
2.7£0 
8.4E.I 
Z.9£·1 
I.IE.I 


1 
3.7EO 
1.4£2 
2,OE2 
1.5E1 
2. '.lEO 
~. 7E·1 
I. ~E· I 
3,2£-2 
9.2£.3 
10 
2.0E1 
4.1£2 
5.8£2 
4.2E2 
1.8E2 
0.8EI 
,. ,EI 
I 
9.9£0 
3.9EO 
- 
125 
0.01 
4.7E·1 
l.oE-l 
'.S£1 
~.OEI 
2.6£0 
1.0£0 
3.1£·1 
1.IE·l 
4.2£.2 
O. I 
S. S£·1 
3.5£1 
5.7£1 
I.IEI 
6. OED 
2.4EO 
7.4£·1 
2.bE·1 
9.9E.Z ! 
I 
I. SEO 
8.3£1 
l. 4E, 
9.7EO 
2..1£0 
4.4£-1 
1.0E-1 
Z.7£·2 
7.8£.3 


10 
0.8EO 
Z.3£2 
3.9£2 
1.8£Z 
1.0£2 
4.2.£1 
I. 8£1 
7.1£0 
3.0£0 


18<1 
0.01 
2.8£1 
9.9£0 
1.8£1 
4.0EO 
2. lEO 
8.bE·1 
2.7E-I 
9.4E-2 
3.7E.Z 
C.l 
2.1E·l 
2.1£1 
3.8E..1 
9.2£0 
5.0£0 
2.0£0 
6.4EI 
2.2£1 
8.7£0 
F-hl. 


5.6E-1 
4.8El 
9.0EI 
5.9£0 
1.4£0 
3.3E-l 
8.0£-2 
Z.I£-2 
6.4£·3 
2.6El 
1.3£2 
2.5£2 
b.8El 
5.0£1 
2.5EI 
I.IEI 
4.9£0 
'.IEO 
4.5£·2 
4.oEO 
I.OEI 
2.8£0 
1.6£0 
6.5£-1 
2.1£-1 
7.5£.2 
Z.9£-2 
5.9E·2 
7.7EO 
2.0£1 
0.4EO 
3.6£0 
1.5£0 
4.9E-l 
1.8E·1 
0.9E-2 
I 
1.3£·1 
2.0El 
4.5£1 
2..4£0 
7.0£.1 
1.8£.1 
4.9E-2 
1.4E·2 
4.4E·3 
10 
5. bE-I 
4.9EI 
1.2£2 
1.4£1 
1.2£1 
9. lEO 
5.0£0 
2.4EO 
1.2£0 


600 
0.01 
7.3E.3 
9.3£-1 
3.3EO 
1.3EO 
7.IE-1 
3.1£-1 
1.2E-l 
4.6E·2 
1.8E.2 
0.1 
1.1E-Z 
1.6EO 
5.8EO 
2.6£0 
1.6£0 
8.1£.1 
3.0£-1 
I. lE-1 
4.4E-2 
I 
1.7£·2. 
3.2£0 
1.2EI 
4.1£-1 
.2.4E.1 
7.bE.2 
2.3E-2. 
7.2£-3 
2.4£·3 
10 
7.0E.' 
1.2EI 
3.bEI 
1.6£0 
1.5£0 
1.4£0 
1.1£0 
8.5£-1 
4.5£-1 


2000 
0.01 
Z.2£-4 
Z.7E-2 
1.,£-1 
1.1£.1 
8.5£-2 
5.1E.2. 
Z. 'E-2 
9.IE·3 
4.0£.3 
0.1 
2..8£·4 
S.3E.2 
2.5£.1 
2.4£.1 
,.1£·1 
1.3£·1 
5.9E·2 
2. bE-2 
1,2£., 
I 
5.7E-4 
I.Z£-I 
5.7£.1 
1.2£-2 
10.0£.] 
7.0E-] 
4.1£·3 
1.7£·3 
b.4E.4 
10 
2.2£·3 
5.2£-1 
'.3EO 
3.5E-2 
3.7E·l 
3.9£.2 
3.8E-Z 
3.5E.' 
3.0£·2 


Note: £ rllfeu to the power of 10. e. g •• 1.5E4 : 1.5 x 104• 
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Figure 8-39. 
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One-Way Absorption Through Debris Region Due to Beta-Particle Ionization II 


( 
1 


Prohlem 8-5 Absorption Due to Prompt Radiation Outside the Fireball • 


• 
Figures 8-40 and 8-41 are used to ob- 


tain the one-way absorption along a propagation 
path caused by prompt radiation in terms of the 
one-way vertical absorption (the absorptio:l for 
a sjn~le vertical traversal of the atmosphere) at a 
time I after burst. The absorption for the vertical 
path may be converted t~ that for an oblique 
path by using the secant of the angle of incidence 
at the altitude of peak absorption (approximately 


• 


Ii 
. see Problem 8-10). 
Using the detonation altitude and the 
ground range between the burst and the point 
where the propagation path intersects 65 km 
o.ltitude, a reference yield W, is obtained from 
FIgure 8-40 (note that W, differs for night and 
day). The location of the 65-km intersect point 
with respect to the propagation-path ground 
location can be determined from Figure 8-55 as 
described in Problem 8-10. If the actual weapon 
YIeld, W, is less than W,. go to 2; otherwise go 
to I. 


I. 
Enter Figure 8-41 with time after burst 
in seconds and the radio frequency to obtain 


A~. the one-way vertical absorption (note that 
tHe absorption differs for night and day). Go 


LV J. 


2. 
Compute I,: 
W, 
I, = W sec, 


where W, and Ware both in Mt or kt. If I > I" 
go to 4; otherwise go to 3. 
3. 
Enter Figure 8-41 with time after burst 
equal to I, and the frequency to obtain Ap (I,). 
ComputeAp: 


A' = 1,Ai/I,) 


P 
0.51, + 1.51 


Go to 5. 


4. 
Enter Figure 8-41 with time after burst, 


I, ,and the frequency to obtain Ap(O. Compute 
Ap: 


, _ IA/O 


Ap - 
I + I 
. , 


5. 
Compute A p' the one-way path at"orp- 


tion along the oblique path: 


where sec e is the secal1t of the angle of incidence 
at 65 km determined from Figure 8-55. 
"Example 1. 
~iven: A I r weapon detonated at an 
altitude of 300 km. The ground range between 
the burst and the propagation path is 800 km; 
the secant of the angle of jncidence (sec e) at 
65 km is 3 for the propagation path. 
Find: The one- 'ay path absorptiun due to 
prompt radiation for a 100 MHz signal I 0 seconds 
after the burst during the daytime. 
Solution: 


a. From Figure 8-40, W, = 100 kt for a 
detonation altitude of 300 km and a ground 
range of 800 km. 


b. Since W, < W, Ap is determined to be 
12 dB from Figure 8-41. 


c. Ap = A' sec e = (12)(3) = 36 dB. 
Answe,: fhe one-way path absorption for 
a 100 MHz signal having a propagation path with 
an angle of incidence at 65 km whose secant is 
3, resulting from prompt radiation from a I Mt 
weapon detonated at an altitude of 300 km, is 
36 dB 10 seconds after burst at a ground range 
of 800 km from the burst point. 
• 
Example2_ 
Given: A I Pweapon detonated at an 
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- 
altitde of ~OO km. The ground range b~tween 
the burst and the propagation path is 1000 km; 
the ~ecant of the angle of incidence (sec 6) at 
65 km is 3 for the propagation path. 
Filld: The one-way IJath ab~orption due to 
prompt radiation for a 100 MHz signal} 0 seconds 
after the burst during the daytime. 
Solution: 
a. From Figure 8-40, W, = 5 Mt for a det- 


onation altitude of 200 km and a ground range 
of 1000 km. 


W , 
b. t,::; HI = 5. 


c. t > I,: therefore, from Figure 8-4] Aill) 


= 12 dB, and 


, = tAil!) = (10)(l2) = 8 dB. 
Ap 
1 + I 
10 + 5 
r 
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d. Ap = A~ sec 6 = (8}(3) = 24 dB. 
Answer: The one-way path absorption for 
a 100 MHz signal having a propagation path with 
an angle of incidence at 65 km whose secant is 
3 resulting from prompt radiation from a I Mt 
V:eapon detonated at an altitude of 200 km, is 
24 dB ] 0 seconds after burst at a ground range 
of 1000 km from tJi.rurst point. 


_Reliability. The procedures giv~n .for 
computing absorption due to prompt radiatIOn 
outside th~ fireball are based on simplified weap- 
on design, atmospheric chemistry, and geometry 
models. More detailed models are requir~d for 
specific communications and radar system 
p.ms. 
. 
Related Materialll See paragraph 8-2 
and Problem 8-10. 
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Figure 8-41 .• 
One-Way Vertical Absorption Due to Prompt Radiation II 
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Problem 8-6 Absciption Outside the Fireball Due to Delayed Gamma Ponys • 


,. 
Figures 8-42 through 8-48 are used to 


estimate the ab~orption caused by gamma rays 


em~tted by the radioactive decay of fission de- 
bris. When the propagation path is within 100 km 
of the debris region and the debris region is bf'- 
iVh 
::~ kul, the absorption depends on the 


orientatIon of the propagation path with respect 
to the debri~ region. Data are provided for three 
cases: a vertical path, a path passing above the 
debris region, and a path passing below the de- 
bris region. The geometry is illustrated in Fig- 
ure 8-42. 
.. 
If the debris is at an altitude greater than 
1 'Jlrm or if the propagation path passes farther 
than 100 km from the debris region, absorption 


cau~ed by gamma rays is given in terms of the 
gamma ray intensity parameter, 11, In determin- 
ing 11, the debris region is mOdeled as a thh 


panc~ ke region. Methods to determine the alti- 
tude and radius of the pancake debris region as a 
f\:nction of the burst parameters are dec;cribed in 
Problems 8-1 through 8-3. If the altitude of 
detonation is below 85 km. the debris region is 
centered over the burst point (see Problem 8-1). 
For higher detonation altitudes, the center of the 
debris region is offset horizontally from the 
burst pomt toward the nearest magnetic pole 
after reach. ng maximum altitude (see Problem 
8-2 and Figure 8-17). If the detonation altitude 


i~ greater than 120 km, up to three debris regions 
art" defined (see Problem 8-3 and Figure 8-18). 


_ 
Figures 8-42 through 8-45 are used to 
0': the one-way path -absorption for bursts 
below 120 km and ground ranges from the de- 
bris less than 100 km. Choose the figure with the 
angle (J d (see Figure 8-42) closest to the case of 
interest. Enter the figure with debris altitude, 
hd, closest point of approach, Xd (see Figure 


~_.1,);. :>nt;! time of day (day or night); obtain 
A;, the one-way path absorption for a 1000 


MHz signal 10 seconds after a I Mt tission yield 


dl"to~ation. Compute A1, the one-way path ab- 
sorption: 


18 
106 
A = A'i" 
"1 
"1 F (l + t}1.2 f2 


where WF is the fission yield in Mt, t is the time 
in sec, and! is the propagatIOn frequency in MHz. 
., 
Figures 8-46 through 8-48 are used to 
o tam the one-way path absorption for bursts 
above I 'l0 km or for cases wl • .:re the grour,(! range 
from the debris to the point where the propaga- 
tion path intersects the altitude of 65 km is great- 
er than 100 km. The following series of steps 
descri1::e the procedure for obtaining the ab- 
sorption. 
I. 
Compute the quantity R " as follows: 


[D2 + (hd _ 60)2J 1/2 


D > Rdl2 
R'= 
[ (R/ r 
+ (hd - 60P ]112 


D :S;;; Rdl2 


where D is the groun ' range between the debris 
center and the point where the propagation path 
intersects 65 km altitude (see Figures 8-42 and 
8-55 and Problem 8-10), and hd and Rd are the 
debris altitude and radius, respectively (see Prob- 
lems 8-1, 8-2, and 8-3). 
2. 
Determine the debris-region fission yield 
Wi: 
Wi: = WF 
ho :S;;; 120 km 


Wi = FF WF 
ho > 120 km 


where FF is the fraction of '.oe total weapon 
fission yiel.' in the debris region (see Problem 
8-3). 
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3. 
Enter FIgure 8-46 with debris-region 


fis~ion yieL (WFJ) time after burst t, and R ' to 
obtain 11, 


4. 
Enter Figure 8-47 with del:-ri!l altitude 


her debris radius R.d,.. j the ground range where 
the propagation path intersects 65 km altitude D, 
to obtain Cr' Compute 1"(: 


If there is more than one debris region (if the 
detonation is above 120 km or if there are 
multiple bursts), the radiation intensity para- 
metric 1"( should be found for each debris region 
and the sum of the radiation intensity parameters 
used to obtain the absorption. 


5. 
Enter Figure 8-48 with 1,,(, time of day 
(day or night), and frequency to obtain A';, the 
one-way vertical absorption. Compute AT the 
one-way path absorption: 


A"( = A; sec e 


where :;ec 0 is tile secant of the angle of incidence 
at 65 km ~see prOb"C'll 8-10) . 
• 
Example 1 


Gil'en: A I , t weapon. 50% fission (WF 
= 0.5 Mt), detonated at an altitude of 30 km 


nllril1!:' tht' d:nrtime. 


Find: The one-way absorption resulting 
from gamma ray ionization for a 1000 MHz 
signal 2 m:n after burst if the ground range be- 
tween debris center and the propagation path is 
less than ! 00 km, the d)sest point of approach 
of the prop:lgation path to the debris center, 
Xd , is 20 1.:'\1, and e d is 60° (see·Figure 8-42). 


Solution: By the methods de~cribed in Prob- 
lem 8·1, the dehr.i!! altitude is determined to be: 


hd = 49 km. 


From Fi!!ure 8-43, A'; = 14 dB for hd = 49 km 
and Xd = 20 km. Therefore, 
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Aoy = (14)(0.5) 
18 
10 
6 


= 0.4 dB 


I 
(121 )1.2 106 


Answer: The one-way path absorption for 
a 1000 MHz signal propagating on a path as 
described above 2 min after a daytime 1 Mt burst 
(~ 
0.5 Mt) is 0ldB. 
_ 
Example2 
: 


Gil'en: A 1 
weapon, 50% fission. deto- 
nated at an altitude of 30 1-m during the night- 
time. 
Find: The one-way path absorption result- 
ing from gamma ray ionization for a 100 MHz 
signal 2 min after burst if th:; ground range be- 
tween the debris center and the point where the 
propagation path intersects 65 km is 200 km 
and sec 8 = 3. 


Solution: 


a. By the methods described in Problem 8-1, 
the debris height, hd' and radius, Rd , are deter- 
mined to be: 


hd :::: 49 km, 


Rd = 15 km. 


b. Since D > Rd/2, 


R '= [D2 + (hd _ 60]2] 1/2 


R' = [(200)2 + (49 - 60)2] 1/2 ~ 200 km 


c. From Figure 8-46, I; = 0.15 watts m-2 , 
for WF = 0.5 Mt, (l + t) = 121 sec. and R ':::: 200 
km. 


d. From Figure 8-47, C"( = 0.8 for (D - RdJ 
= ] 85 km and hd = 49 km. Therefore, 


1"( = C?; :::: (0.8)(0.15) = 0.12 watts m-2 


• 
e. From Figure 8-48, A.y -= 1.0 dB for 


11 = O.i2 wattsm-2 and!= 100t.11. -Iu"ingthe 
night. Therefore, 


Al := A; sec 6 := 3.0 dB. 


Answer: The one-way path absorption for 
a 100 MHz signal propagating on a path as de- 
scribed above 2 min after a nighttime I Mt burst 
(WF = 0.5 Mt) is 3.0 dB. 


• 
Example 311 


Given: A I Mt weapon, 50% fission, deto- 
nated at an altitude of 300 km during the day at 
a location where the magnetic dip angle e is 60°: 


Find: The one-way path absorption result- 
ing from gamma ray ionization for a 30 MHz 
signal 60 min after burst if the ground range 
between the point where the propagation path 
intersects 65 km is 1000 km due magnetic north 
of the burst point and sec e = 3. 
Solution: 


a. By thz methods described in Problem 8-3, 
the height, hd, radius, Rd, offset, /ld, and frac- 
tion of the debris, FF for the three debris regions 
(see Figure 8-18), are found to be: 


Debris 
hd 
Rd 
/ld 


Region 
(km) 
(km) 
(km) 
FF 


1 
390 
170 
75 
0.25 


2 
550 
500 
125 
0.2 


3 
390 
170 
75 
0.35 


Debris region 1 is centered 75 km magnetic 
north of the burst point. The ground range, D, 
between the debris center and the point where 
the propagation path intersects 65 km is 1000- 
75 = 925 km. The ground range between the 
center of debris region 2 and the propagation 
tiath is 875 km. Debris region 3 is offset 75 km 
south of the conjugate of the burst point and is 
too far from the propagation path to produce 
gamma ray ionization. 


b. The quantity R 'for debris region I is: 


Rj := [D2 + (hd •. 60pr/2 


:= [(925)2 + (330)2] 1/2 := 980 km. 


c. The debris region 1 fission yield is: 


WP] = FF] WF = 0.125 Mt. 


d. From Figure 8-46, I.yl is 2 x 10-5 watts 


m-2 for Wpl = 0.125 Mt, t := 3600 sec, and 
Rj = 980 km. 


e. From Figure 8-47, C1l is 1 for (D - RdJ 


:= 775 km and hd = 390 km. 


f. 171 = C.,i;l := 2 x 10-5 watts m':, 


g. The quantity R . for debris region 2 is: 


Ri := [(875)2 + (490P JI/2 = 1000 km 


h. The debris region 2 fission yield is: 


Wp2 = FF2 WF := 0.1 Mt 


i. From Figure 8-46,I.y2 is 1.5 x 10-5 watts 


m-2 for Wp2 = 0.1 Mt, t := 3600 sec, and Ri 
= 1000 km. 
j. From Figure 8-47,C12 is 1 for (D-Rd) 


:= 375 km and hd = 550 km. 


k. 112 = C,21;2 = 1.5 x 10.5 watts m-2 • 


1. I, = 111 + 1"(2 = 3.5 x 10.5 watts m-2 • 


m. From Figure 8-48, A.y = 1 dB for 11 


:= 3.5 x 10-5 watts m-2 and!= 30 MHz. 


n. Al = A.y sec 8 = 3 dB. 
Answer: The one-way path absorption for 
a 30 MHz signal propagating on a path as de- 
scribed above 60 min after a daytime burst 
(WF = 0.5 Mt) is 3 dB. If the propagation path 
had been located near the conjugate of the burst 
point, gamma rays from debris regions I and 2 
would not reach the path, and only debris region 
3 would have been considered. 
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I ., 


.\ 


• 


• 
Reliability II· The procedures given for 
computing absorption due to gamma ray ioniza- 
tion are based on simplified-debris, atmospheric- 
chemistry, and geometry models. More detailed 
models are required for most radar and communi- 
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cation system problems . 


• 
Related Materia. See paragraphs 8-3, 
8-8, 8-13, 8-14, and 8-15, and Problems 8-], 
3-2, and 8-3. 
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Figure 8-44. • 
One-Way Absorption ['ue to Gamma Rays, f 
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Figure 8-45. • 
One-Way Absorption Due to Gamma Rays, f = 1000 MHz. (} d = -60 Degrees • 
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Figure 8-46.. Gamma Radiation Intensity Nomogram • 
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Figure 8-47. • 
Correction Factor for Gamma Ray Flux • 
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Figure 8-48 •• 
One-Way Vertical Absorption Due to Gamma Rays _ 
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Problem 8-7 Calculation of Absorption Outside the Fireball Due to Beta Particles II 


• 
Figures 8-49 through 8-51 are used to 
estimate the absorption outside the fireball region 
caused by beta particle ionization when the 
fission debris is above 60 km. If the debris is be- 
low 60 km, the absorption caused by beta parti- 
cle ionization can be computed by the methods 
li 


s 'bed in Problem 8-4. 
When the fission debris is above 60 km, 
t e ocation of the beta particle absorption region 
with respect to the debris region is determined 
by the geomagnetic field (see paragraph 8-4). 
Most of the absorption occurs between the alti- 
tudes of 60 and 80 km. The predictions of ab- 
sorption apply to beta particle radiation from 
fission debris that is uniformly distributed in a 


• 


hin an cake-shaped region. 


Obtain the debris altitude, hd• and debris 
ra lUS, R d' by the methods described in Problems 
8-1, 8-2, or 8-3. If the detonation altitude, /'0' 
is greater than 85 km and the time after burst !s 
greater than 10 minutes, determine the maximum 
debris altitude, hm (km). Compute h: 


or if 


and t < J 0 minutes. 


h = Jz m 
ho ~ 85 and t > 10 minutes. 


Enter Figure 8-49 with hand .p, the magnetic 
dip angle at the burst point to obtain A{3' the 
offset of the beta particle absorptbn region. If 
the magnetic dip angle at the burst point is not 
known, it can be obtained from Figure 8-54 as 
dlser'bed in Problem 8-9. 
There are two beta particle absorption 
r 
ns for each debris region; one is in the burst 
region and is offset a distance Il.p from ground 
zero toward the nearest magnetic pole (see Fig- 
ure 8-49), and the other is in the conjugate 
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region and is offset from the conjugate of ground 
zero toward the nearest magnetic pole, Location 
of the conjugate of ground zero can be estimated 
from Figure 8-53 as described in Problem 8-8, 
The horizontal extent of the beta particle ab- 
sorption region is approximately the same as that 
of the debris r~gion (this neglects convergence of 


~gnetic field). 
.. 
If the propagation path passes through a 
beta particle absorption region, the one-way 
absorption can be found by the following pro- 
cedure: 


1. 
Determine the debris region fission yield, 


1." . 
nF' 


Wi = FF Wp 
Izo > 120 km 


where FF is the fraction of the total weapon fis- 
sion yield in the debris region (see Problem 8-3). 
2. 
Enter Figure 8-50 with dp.bris region fis- 
sion yield, Wi, time after burst, t, and debris 


radiu~, Rd' to obtain N(j. If the propagation path 
passes through more than one beta particle ab- 
sorption region, compute the value of N{3 for 
each region and use the sum to compute the one- 
way vertical absorption. 


3. 
Enter Figure 8-51 withN{3. the frequency. 
f, and the time of day (day or night) to obtain 
Ap, the one-way vertical abso.-ption, Compute 
A{3' the one-way absorption: 


Afj = A~ sec e, 


where sec (J is the secant of the angle of incidence 
of the propagation path at 65 km which may be 
determined by the methods described in Problem 
8-10. 


( 


• 
Example 111 


Given: A I Mt weapon, 50% fission, deto- 
nated at an altitude of 80 km at a location where 
the magnetic dip angle is 60° during daytime. 


Find: The one-way absorption resulting 
from beta p:il ticle ionization for a 400 MHz 
signal 5 min after burst if sec e = 3. 
Solution: 
a. By the met1~ods described in Problem 


S-I, the debris height and radius are determined 
to be: 
hd = 305 km, 


Rd = 200 km. 


b. Since ho < 85 km, 


h = hd = 305 km. 


c. From Figure 8-49, tl.~ = 150 km for 11 


= 305 km, and e = 60°. 


d. Since ho < 120 km, 


Wj; = WF = 0.5 Mt. 


e. From Figure 8-50, N~ = 4 X 107 betas 
cm-2 sec-1 for Wj; = 0.5 Mt, t = 300 sec, and 
Rd = 200 km. 


f. From Figure 8-51, Ad = 2 dB; therefore, 


AO = Ad sec e = 6 dB. 


Answer: There are two absorption regions 
caused by beta particle ionization. One is in the 
burst locale and is centered 150 km towards the 
nearest magnetic pole. The other is on the op- 
posite side of the magnetic equator and is cen- 
tered 150 km towards the nearest magnetic pole 
from the conjugate of the-burst point. The hori- 
zontal radius of each absorption region is 200 km. 
The one-way path absorption for a 400 MHz 
signal passing through either absorption region 
is 6 dB . 
.. Example2. 
~;ven: A 1 Mt weapon, 50% fission, deto- 
nated at an altitude of 300 km at a location 


where the magnetic dip angle is 60° during day- 
time. 
Find: The one-way absorption resulting 
from beta particle ionization for a 40 MHz 
signal 60 min after burst if the ground terminal 
is at burst ground zero, the propagation path is 
at an elevation of 15° along a zero degree mag- 
netic azimuth, and sec e = 3.4. 
Solution: 


a. By th' methods described in Problem 
8-3, the height, hd' radius, Rd , maximum alti- 
tude of rise, and fraction of the debris, FF, for 
the three debris regions (see Figure 8-18) are 
found to be: 


Debris 
hd 
Rd 
11m 


Region 
(km) 
(km) 
(km) 
FF 


I 
390 
170 
550 
0.25 


2 
550 
500 
800 
0.2 


3 
390 
170 
550 
0.35 


b. Since ho > 85 km and t > 10 min: 


hl = hml = 550 km, 


h2 = hm2 = 800 km, 


h3 = 11m3 = 550 km. 


c. From Figure 8-49, the beta particle ab- 
sorption region offsets are: 


tl.~l = 300 km, 


tl.fJ2 = 450 km, 


tl.(B = 300 km. 


d. Since W F = 0.5 Mt, the fission yields 
contained in the debris regions are: 


Wj;l = 0.125 Mt, 


Wj;2 = O.i Mt, 


Wj;3 = 0.175 Mt. 
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-e. Entering Figure 8-50 with the debris 
radii fr<Jm Ha," the fission yields from "d/' and 
a time t = 3600 sec, the following values of N{j 
are obtained: 


N/11 = 106 betas cm·2 sec·l , 


8 
104 b 
-2-1 
N(j2 = 
x 
etas cm 
sec, 


1\7 -.' "" 1 .,,, x I 06 betas cm-2 sec-l , 
w 
. 


f. A sketch of the location of the Absorption 


regions in the burst locale caused by beta particle 
ionization is shown in Figure 8-52. The propa- 
gation path chosen for this example traverses the 
absorption regions caused by all three debris 
regions. Thus, the values of NI3 for each debris 
region are added together before finding the 
absorption. 


N(j = N131 + N132 + N(j3 


= 2.8 x 106 betas cm-2 sec-l 
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g. From Figure 8-51, the one-way vertical 
absorption for a 40 MHz signal is 


A~ = 40 dB 


and 


A(j = Afj sec 8 = 136 dB. 


Answer: The one-way path absorption for 
a 40 MHz signal propagating on the path as de- 
scribed above 60 min after a 1 Mt (WF = 0.5 Mt) 
daytime burst at 300 km is the sum of the ab- 
sorptions caused by all three debris regions and 
i~~. 
II 
~eliability 
: The procedures ~ve? f~r 


computing absorption due to beta partIcle lom- 
7.ation are based on simplified debris, atmospheric 
chemistry, and geometry models. More detailed 
models are required for most radar and com- 
munication system probl •. 
_ 
Related Material 
See paragraphs 8-4, 


8~8-8, 8-13, 8-14, and 8-IS, and Problems 
8-1,8-2, and 8-3. 


1600 


1400 


1200 


E 1000 
.Jt .. 
...... 
CIQ. 
:9800 
... 
~ 
,," ... 
( , 
0600 


400 


200 


00 
10 


h Oem) 


20 
30 
40 
MAGNETIC DIP ANGLE (., ), Degrees 


~ 


l 
DEaRlS lEGION 
, , 


~ X GEOMAGNETIC 
I 'V ,.!IELD LINES 
t 
, 
'-. BETA· 
I 
~O~NO rl ABSORPTION 
ZERO" ; '.' .. ~ RE GION 
if' ," , ' 
OFFSET-' 
- 


50 
60 
70 


Figure 8-49. __ Offset of Beta-Absorption RegiOn __ 


8-83 


,~ 
I 
., 
• 


. 
. 
- 
.... 
" 


r 


2 
r 
wI (M" 


so 
DURIS 
RADIUS 
(km) 


S 
10 


10 
-2 
-\ 
NS (lIt.m em 
ICC 
) 
\0 


10'2 


102 
lOll 


1010 


109 


103 
108 
102 


10' 


106 


lOA 
lOS 


lOA 


0.1 
103 
103 


102 


Irf 


ID 


D.OI 


INStRUCTIONS: To find NS connect 0 ,'.0;1110, I, .... I.",," Ii"ion yield (Seal. 1) to ,i"", 011 •• delo ..... i"" (Scale 3- 
,hi, IS (I 1 • t ,col.). Mo",.n. poin' of .nte .... c'ion 01 .his Ii ... wi.h Seal. 2. ln.n d.aw 0 st'Olgh ....... It ..... this 
point .0 the oppropriol. debti. rod .... onScol. 5. Tn. In'.'>oc.ion of.n. lotte, Ii .... wi,h Scole "i. NjI. 


Figure 8-50.11 Beta Radiation Intensity NOmOgram. 


8-84 


t 
Ul 


- 
.., 
~ 
z 
Q 


~ 
o 
V1 .., « 


.- 
CD 
~ 
z o 
~ 
~ - 
V) 
CD « 


~. 


102 


r 


f"-r-r'I"nl"nifli-;;[,~;iJt:';i:ii1i~~;;;:::';:~;:~;:~'1I"-:;;;>""1::;;"-:~~r--'~:>"~r--'-'"TTT~P"-,-'-.","r-.,.,------ 


iii liil>' i 
LWi it_ 
rT'" hi 
I" i till. 
1 Wilii 
i i .. liM 
'::»itni 
i.». ft I 


lOll: f 
--r--;77'~<~ 
I~-~-L 
- 
,-1 


-1 
10' 
"Lr"ll 
I '¥lltl 
'41111'"<' "11"11 '1 alliin 
lIlli'" 
"lI"I' 
"'11'11'< 1""'" 
It ,II"n 


102 
103 
104 
105 
106 
la1 
108 
109 
1010 
lOll 
1012 


N 
-2 
-1 
f3 (em 
sec ) 


10 .. 1, 
11' .... ' 
J IIIIIU 
J 'W'"U 
J Willi 
I I"..,,' 
J I '"III 
1,,11111 
I III"M «1 I '"111 
I 
I "111' 


102 
103 
104 
105 
106 
107 
108 
109 
1010 
1011 
1012 


N 
-2-1 
f3 (em 
see ) 


Figure 8-51 •• One-Way Vertical Absorption Due to Beta Particles, Debris ,'.Ititude Above 60 km _ 
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Figure 8-52. til Skt:tch of Absorption-Region Geometrv for Example 2 • 


• 


Problem 8-8 Magnetic Conjugate Map • 


• 
Figure 8-53 presents the location of geo- 
magnetic conjugate points on the earth's surface. 
Using the geographic coordinates of a given point, 
enter Figure 8-53 on the straight-line rectangular 
grid, and iead the geographic coordinates of the 
magnetic conjugate point on the heavy curved 
gr.ii. 
.. 
In reading Figure 8-53, note that the 
east-west curved dashed lines indicate conjugate 
latitude, plus for degrees north latitude and minus 
for degrees south latitude. Similarly, the north- 
south curved solid lines indicate conjugate longi- 
tude, plus for degrees east longitude and minus 
for degrees west longitude: 
.. 
- Example_ 
-t;iven: Geo~c coordinates 45°N, 77°W 


(point near Ottawa, Canada). 
F!nd: The coordinate of the conjugate point. 
Solution: The given coordinates occur at 
the intersection of the _71 0 anc _93° heavy grid 
lines. 
Answer: The approximate geographic coor- 
dinatesofthe conjugate point are 71°S and 93°W . 
• 
Reliability_In addition to uncertain- 
ties tn the geomagnetic field, distortions of the 
geomagnetic field caused by the burst may per- 
sist for tens of seconds. Thus, ihe locations of 
conjugate debris and beta particle ionization 
regions may be significantly different than pre- 
dicted by Figure 8-53. 
Related Materia_ See paragraph 8-4. 
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Problem 8-9 Geomagnetic Dip Angle Map • 


• 
Figure 8-54 presents the ge~magnetic dip 
angle (declination) as a function of the geographic 
coordinates of a position on the earth's surface. 
_Example. 
Given: A point with geographic coordinates 


4(f r. iatJtude, 1000W longitude, 


Find: The geomagnetic dip angle, 


Answer: From Figure 8-54 the magnetic 


dW' 
an Ie is 70°, 
Reliabilityll Figure 8-54 shows the 
geomagnetic dip angle for undisturbed magnetic 
field conditions. The geomagnetic field may be 
distorted for tens of seconds after a nuclear 
detona!ion. Therefore, the locations of the debris 
and beta particle ionization regions may differ 
significantly from those predicted by Figure 8-54 . 
• 
Related Materia. See paragraph 8-4. 
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Problem 8-10 
Secant 8 Chart II 


• 
Figure g-55 presents the secant of the 
angle of incidence of a ray path at 65 km alti- 
tude as a function of elevation angle or distance 
from the ground terminal to E- and F-region 
reflection points. The angle of incidence, 8, is 
illustrated in the sketch in Figure 8-55. 
• 
Example 111 


Given: A propagation path with a 10-degree 
elevation angle ({3). 


Find: The horizontal distance from the 
ground terminal to the point where the propa- 
gation path intersects 65 km altitude, and the 
secant of the angle of incidence 8 at the inter- 
section. 
Solution: Enter Figure 8-55 on the line slop- 
ing downward to the right labeled 10 degrees. 
Locate the intersection of this line with the line 
sloping upward to the right labeled h = 65 km. 
The absci!.sa of this intersection is the horizontal 
distance. and the ordinate is secant 8. 


Answer: The horizontal distance from the 
ground terminal to the point where the propa- 
gation path intersects 65 km altitude is 320 km. 
The secant of the angle of incidence at the inter- 


• 


e . !1 is 4.6. II 


Example 2 
Gillen: A HF propagation path that reflects 


from the F-region (300 km), 1500 km from the 
ground terminal. 


Find: The horizontal distance from the 


ground terminal to the point where the propa- 
gation path intersects 65 km altitude, and secant 
8 at the intersection. 
Solution: Enter the abscissa of Figure 8-55 
at bOO km. Proceed upward to the line labeled 
F-region Reflection Altitude (300 km). Note the 
elevation angle «(3) corresponding to this point. 
Find the intersection of the elevation angle line 
with the line labeled D-region Absorption Alti- 
tude (65 km). The abscissa of this i.:tersection 
is the desired horizontal distance, and the ordi- 
nate is secant 8. 


Answer: The horizontal distance from the 


ground terminal to the point where the propa- 
gation path intersects 65 km altitude is 500 km. 
The secant of the angle of incidence at the inter- 
section is 6. 
• 
Reliability _ 
The curves of Figure 8-55 
are accurate for the simplified geometry assumed; 
however, the D, E, and F absorption and re- 
flection altitudes are not single lines but occupy 
a volume of space which changes in Ititude with 
time of day and which may be affected by solar 
activity. Therefore, more detailed models are 
generally required for radar and communication 
system problems. 
_ 
Related Materialll· See paragraphs 8-1 , 


r-r.8-4, 8-6, 8-7, 8-8, and Problems 8-1 
through 8-6. 
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